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ABSTRACT
Precast concrete industries generate waste during routine hollow-core slab cutting 
(sludge 1) and mixer tank washing (sludge 2) operations. The wastes are typically 
disposed of by landfilling, an unsustainable practice. This study examined various 
options for better management of the two sludges: volume reduction for easier handling 
and transport, and sustainable, long-term beneficial reuse.
Dewatering tests were carried out on sludge 1 to reduce the water content and 
volume of the sludge. Gravity settling yielded about 30% cake solids from 20%, and 
chemical conditioning with high charged cationic polymer resulted in 40% cake solids. 
Vacuum filtration and centrifugation achieved the highest cake solids of 50%. Cost 
analysis demonstrated that the vacuum filtration offered the least capital costs.
Controlled low strength material (CLSM) mixes designed using sludges 1 and 2 
satisfied the requirements of flowable CLSM mixes as per American Concrete Institute 
guidelines and a National Research Council, Canada specification for unshrinkable 
backfill. Water in both sludges fulfilled CLSM mix needs, but cement was needed for 
hardening. Mixes using sludge 1 achieved 28-day compressive strengths of 1.1 to 2.2 
MPa and could be used as trench backfill, void fill and grout. CLSM produced using 
sludge 2 obtained a wider range of 28-day strengths of 0.4 to 5.1 MPa. In addition to 
applications listed for sludge 1, the sludge 2 mixes with coarse aggregate could also be 
used as structural fill.
Alkaline stabilized biosolids conforming to National Research Council, Canada 
and Unites States Environmental Protection Agency guidelines were achieved using 
sludge 2 as an alkaline agent. Mixes containing 30:70 and 40:60 of sludge 2 and sewage 
sludge (wet weight) along with 20% quicklime (dry weight) conformed ‘category 1’ or 
‘exceptional quality’ biosolids. These biosolids qualify for unrestricted use, and nutrient 
levels of nitrogen, phosphorus and potassium suggest that they could be beneficially 
reused as topsoil.
This study demonstrated that precast concrete industry sludge could be 
beneficially reused or recycled to provide a long-term sustainable waste management 
option to the precast concrete industry sector.
iii
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1 INTRODUCTION
1.1 BACKGROUND
Comprehensive waste management systems are becoming a necessity, and a building 
block of sustainable development for the past few decades rather than being just concepts or 
ideas. These systems provide environmentally sustainable solutions to waste management ab 
initio as opposed to the conventional disposal techniques like landfilling or incineration. 
Reuse, recycling and recovery strategies, which are long-term solutions, result in economic 
and employment benefits, land-use benefits, energy benefits, and air and water pollution 
control benefits (Tellus Institute, 2002). Sustainable waste management strategies may be 
applied to sludges, with similar benefits. Sludges are slurries produced after the treatment of 
industrial and municipal wastewaters (Vesilind et. al., 1988). Industries stand to gain 
monetary returns and recover material by implementing waste management programs. The 
concrete manufacturing industry is one such industry wherein waste management options are 
open but not yet fully explored. Concrete is one of the most used building materials 
worldwide and in Canada it is estimated that around 10 kg of concrete, including precast 
members, is used per person per day (Ridsdalc, 1994).
The precast concrete industry worldwide generates voluminous amounts of a highly 
alkaline waste during the manufacturing and cutting of concrete beams or slabs. The two 
waste streams produced are firstly the mixer tank wash water and secondly the wastewater 
generated during the cutting of precast concrete slabs, when water is poured over the cutting 
blade to cool it. The watery wastes are settled usually in settling tanks, and the slurry or 
sludge formed and typically disposed of, untreated, by dumping on land (Sealy et. al., 2001). 
In a dump with no protective measures such as impervious lining, the alkaline waste can 
contribute to polluted surface runoff, or seep through the soil causing sub surface 
contamination. Land disposal is an unsustainable practice, with problems of reduced 
dumping site availability coupled with increasing costs associated with handling, 
transportation and tipping fees.
The precast concrete industry sludge has not yet figured in a large way in the 
recycling initiatives of the concrete industry. Crushed hardened concrete, however, is being 
used as aggregate and makes up for 2% of Ontario’s total aggregate market (Wilson, 2003). 
Concrete is easy to reuse and recycle in that waste products from the concrete industry can be
1
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used as aggregate, or to make other concrete products. Concrete industry wastes consist 
mainly of water, and aggregates, cementitious particles and possibly chemical admixtures 
(Sealey et. al., 2001), indicating the potential to be reused into concrete products. These 
wastes are also highly alkaline (Dawson, 2001), and may possibly be used as alkaline agents 
to stabilize sewage sludge. It is hence imperative that sustainable alternatives to land disposal 
be developed to manage precast concrete industry wastes.
1.2 THESIS STRUCTURE
This thesis is organized into five chapters of which the second, third and fourth are 
organized as research articles to be submitted for publication in refereed journals.
Chapter 1 provides an introduction to industrial waste management in precast 
concrete industries. An introduction to a typical precast concrete industry, Prestressed 
Systems Incorporated (PSI), located at Windsor, Ontario, is made here. The thesis scopes 
and objectives are also presented.
Chapter 2 deals with studies on the dewatering of the pre cast concrete industry 
sludge with commonly used methods applied in the past to reduce water contents of sludges. 
Gravity settling, chemical coagulation, vacuum filtration and centrifugation were the 
methods selected to dewater the concrete industry sludge. The parameter of interest is ‘cake 
solids’, or the total solids of the thickened sludge left after dewatering. For volume reduction, 
a cake solids of 30% to 40% is aimed at. Cost analyses using the Marshall and Swift 
Equipment Cost Index reported in Chemical Engineering (2003) has been done to compare 
the costs of the various dewatering methods.
Chapter 3 describes investigations into the reuse of sludge to produce low strength 
concrete or mortar products of commercial value. Various mix proportions were designed 
based on the National Research Council (NRC) design (NRC, 2002) and American Concrete 
Institute (ACI) guidelines (ACI, 1999) for controlled low strength materials (CLSM). The 
mixes were tested for engineering properties such as compressive strength and time of 
hardening. Cost was factored in by designing mixes that did not exceed $90 per m3 of mix, 
the cost of a locally available CLSM mix designed according to NRC (2002).
Chapter 4 elaborates on the experiments conducted to assess the use of sludge as an 
alkaline stabilizing agent to treat sewage sludge. The need of adding quicklime has been
2
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examined in tests conducted at conditions of pH, time and temperature as per a procedure 
recommended by the National Research Council, Canada (NRC, 2003), which is based on the 
United States Environmental Protection Agency regulations (USEPA, 2003). The treated 
sewage sludge, or biosolids were assessed for fecal coliform reduction and heavy metal 
content. Results were compared with Canadian and USA guidelines and regulations (NRC, 
2003 and USEPA, 2003).
Chapter 5 summarizes the results of the studies conducted on the beneficial reuse of 
sludge and states conclusions based on the findings. The efficiency and cost-effectiveness of 
the dewatering methods are delineated. Properties of flowable concrete or mortar mixes 
produced by reusing sludge are described. The results of recycling the sludge to produce a 
useful biosolids by stabilizing sewage sludge are discussed. Recommendations for future 
studies on the beneficial reuse of pre cast concrete industry sludge are given in this chapter.
1.3 PROJECT DESCRIPTION
It was proposed to beneficially reuse the waste from a precast concrete industry, 
Prestressed Systems Incorporation (PSI) located in Windsor, Ontario. At PSI, products are 
precast and prestressed by pouring concrete into a form reinforced with pretensioned high 
tensile steel strands. Once the concrete has cured, the prestressing force is released, 
transferring a compressive zone in the normally tensile area to help reduce cracking and in 
some cases eliminate cracking (PSI, 2002). During these operations in a precast concrete 
plant watery waste products are generated.
1.3.1 Sources and Types of Sludges Produced at Prestressed Systems Incorporation
The sludges produced at PSI originate from two main sources. When the prestressed 
bars of concrete are cut with a rotary cutting blade using water as a coolant, a slurry waste 
stream is generated, hereafter called sludge 1. After a fresh batch of concrete is mixed and 
used to prepare concrete, the mixer tank is washed with water, resulting in another stream of 
waste slurry, which is led to another holding tank, and hereafter referred to as sludge 2.
1.3.2 Current Precast Concrete Industry Sludge Management Practice
PSI has an industrial wastewater collection and treatment system on site. Sludge 1 
flows through a channel connecting the slab cutting area to the settling tank no. 2, while 
sludge 2 is collected in settling tank no. 1. Supernatant from tank no. 2 is led to tank no. 3
3
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where minimal settling occurs and from there to the equalization tank. Figure 1.1 (not to 
scale) depicts the existing wastewater collection and treatment system at PSI. Tank 2 has a 
46,480 L capacity and is cleaned out every 3 months, while tank 1 has a capacity of 31,930 L 
and is cleaned out every month. The flows of sludges 1 and 2 were calculated to be 0.505 and 
0.103 m3/d respectively. In the sedimentation tanks, gravity settling occurs and the 
supernatant is separated from the heavier sludge that remains at the bottom of the tanks. 
Supernatant water is led off to the equalization chamber where it is neutralized with acid and 
discharged to a municipal sewer line. The sludge itself is cleaned out at intervals mentioned 
above and then disposed of onto land.
1.4 OBJECTIVES
The overall objective of this project was to examine precast concrete industry waste 
management alternatives. This entailed determining a means by which the wastes may be 
beneficially recycled or reused, or volume reduction for easier storage handling and 
transport. The impetus was on arriving at options in precast concrete industry waste 
management that can be easily implemented by other precast concrete industries.
The objectives of this project are listed below and various laboratory experiments 
were conducted to determine their feasibilities.
1. Reduce volume by dewatering the sludges
2. Produce low strength mortar or concrete materials from the sludges
3. Stabilize sewage sludge by alkaline treatment using the sludges
The scoping of objectives 1, 2 and 3 listed above is done in chapters 2, 3 and 4 respectively 
of the thesis.
4
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Figure 1.1: Section Diagram of Existing Wastewater Treatment Plant at PSI, Windsor 
(Adapted from Dwg. No. P2, Sco-Terra Engineering, 2002)
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2 DEWATERING PRE CAST CONCRETE INDUSTRY SLUDGE
2.1 INTRODUCTION
Excess water in a domestic or industrial sludge makes it voluminous and bulky, and 
increases disposal costs (Sincero and Sincero, 1996). The removal of water results in easier 
waste handling, alleviation of transportation costs and enhancing the potential of beneficial 
reuse or recycling of the waste product. Thickening and dewatering are means of separating 
solid and liquid and hence removing water from a waste product. Thickening is used to 
concentrate sludges to approximately 15% solids by gravity or flotation thickening; while 
dewatering typically results in a solids concentration of 15% or more and can be 
accomplished by operations including centrifuges, vacuum filters or sand filters, with or 
without chemical conditioning (Vesilind, 1975 and Sincero and Sincero, 1996).
The precast concrete industry generates wastes that contain a large amount of water 
(Sealy et. al., 2001) hindering beneficial reuse. Alternate options to dumping may be feasible 
after reducing the water content in the slurry or sludge. One alternate option that encourages 
sustainability would be to reuse the sludge to make new concrete products, making use of the 
water content, aggregate and cement particles in the sludge. In a typical concrete product, the 
water to cement ratio is about 0.4 (Kosmatka et al., 2002). While it might not be 
economically feasible to reduce the water as much as to obtain the typical water to cement 
ratio, lowering the water content to suit American Concrete Institute (ACI, 1999) guidelines 
for flowable fill (a low strength flowable concrete or mortar product) may be feasible, as 
these concrete products have a high water to cement ratios of 2.9 to 6.4.
2.2 OBJECTIVE
In this study, the main objective was to find an economical method or process of 
removing excess water from precast concrete industry sludge to enhance its possibilities of 
beneficial reuse. This is accomplished by conducting experiments on various thickening and 
dewatering techniques.
8
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The scope of this study is delineated below:
• Conduct bench-scale studies on gravity thickening, chemical conditioning, 
vacuum filtration and centrifugation to assess each process’ water removal 
efficiency
• Perform a cost analysis to determine the most economical dewatering method for 
the sludges
2.3 LITERATURE REVIEW
A plethora of studies over the past few decades have been conducted on sewage 
sludge thickening and dewatering (Campbell et al. (1975), Albertson et al. (1991), Smith 
(1996), Vanderhasselt and Vanrolleghem (2000) and Jin et al. (2003a)). These authors 
describe various dewatering methods for sewage sludge, with or without chemical 
conditioning, of which gravitational thickening, vacuum filtration, centrifugation, belt press, 
plate and frame press are common. Choosing an appropriate method depends on the clarity of 
filtrate, water and solids content of the cake, according to Tiller (1974). Comparatively very 
little is done in the dewatering of industrial sludges. Literature on industrial sludge 
thickening and dewatering methods is discussed below.
2.3.1 Chemical Conditioning
Thickening and dewatering tests may be done with or without chemical conditioning. 
In the latter, a chemical coagulant is added in order to aid the separation of solids from water. 
Chemical coagulants work by first neutralizing charge, and then bridging particles to form 
floes that become heavy and settle during a slow mix period (Smith, 1996). Chemical 
conditioning brings about coagulation of solids and release of absorbed water 
(Tchobanoglous and Burton, 1995). After chemical conditioning, the clear supernatant is led 
off, while the bottom sludge is collected and further treated prior to reuse or disposal. This is 
one of the disadvantages of chemical conditioning. Common inorganic chemicals used in the 
chemical conditioning of sewage sludge include ferrous sulphate, aluminum sulphate and 
ferric chloride while lime and organic polymers or polyelectrolytes, are in widespread use as 
well (Vesilind, 1975, Campbell et al., 1975, Tchobanoglous and Burton, 1995 and Sincero 
and Sincero, 1999). Chang et al. (2001) studied the conditioning of chemical sludge from 
primary treatment of tannery waste. The chemical sludge consisted of calcium and chromium
9
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hydroxide, oil and grease, magnesium and organic material (Chaun and Liu, 1996, Langlais 
and Shivas, 1989, and Martin and Parkin, 1986). A high molecular weight cationic 
polyelectrolyte was used in doses of 0 to 300 mg/L. The specific resistance to filtration (SRF) 
decreased with an increase in coagulant dose but not significantly and optimum dose was not 
found. The authors found that co-conditioning the chemical sludge with waste activated 
sludge from the same tannery’s secondary treatment yielded marked reduction in SRF. For 
ratios of 8:1, 4:1 of chemical sludge to activated sludge, optimal doses were 100 mg/L and 
for 2:1 and 1:1, at 200 mg/L. Optimal doses were those that yielded lowest SRF values of 
around 1.5 x 1015 m/kg. In a study by Zhao (2003), 0 to 30 mg/L of anionic polymer was 
used to dewater alum sludge with 30 s of rapid mixing and 1 minute of slow mixing. Floe 
densities were measured and found to increase with dose, but the lowest SRF was achieved at 
a polymer dose of 10 mg/L. In another study by Chang et al. (1998), the conditioning of 
kaolin sludge was conducted using eight cationic polyacrylamide polymers of varying charge 
density and molecular weight. At around 90 mg/L of the medium cationic charged polymers, 
minimum cake moisture content was observed. As Zhao (2003) also reported, floe densities 
increased with dose. Smith (1996) observed that sewage sludge particles are mostly 
negatively charged at neutral pH values. He conducted dewatering tests using several 
chemical agents, and found that a cationic polymer of high charge density was the most 
efficient in dewatering bacterially leached sewage sludge.
The charge associated with sludge constituents dictate the type of coagulant that 
would effectively dewater the sludge. The sludge from a precast concrete industry is 
essentially made up of cement particles and water. Concrete slurry contains, by weight, 
oxides of about 25% silica, 38% calcium, 5% aluminium, 2.8% iron, 4.2% magnesium, 1% 
sulfur, 0.35% sodium and 0.35% potassium, besides carbon di oxide, quartz, dihydrated clay, 
dolomite, calcite, calcium carbonate, hydrated lime (Pistilli et al., 1975). From literature, it is 
seen that alum, ferrous chloride, ferric chloride and cationic polymers are commonly used to 
condition sewage while organic polymers are used to condition industrial sludges. No 
literature on the conditioning of sludge was found. However it was decided that the 
coagulants commonly reported in literature would be tried in this study. Typical doses of 
ferric chloride, ferric sulfate and aluminium salts in wastewater treatment were reported as 50 
to 300 mg/L, 100 to 400 mg/L, and 8 to 48 mg Al3+/L (Young and Edwards, 2003, Nandy et.
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al, 2003, and Tatsi, et. al, 2003). Doses of organic polymer in various studies (Chang, et. el., 
2001, Zhao, 2003, and Chang et; al, 1998) ranged from 0 to 300 mg/L, or 0 to 4.5 mg 
polymer per g of bacterially leached sewage sludge (Smith, 1996). The latter also used 10 to 
100 mg/g of ferric chloride to condition the same sludge. These doses were followed in the 
chemical conditioning experiments of this study.
2.3.2 Gravity Thickening
Gravitational thickening is accomplished in settling tanks commonly known as 
thickeners. In the tank, feed solids are distributed and form three zones: clear water, feed and 
compaction, as depicted in Figure 2.1. Thickened sludge is collected from the bottom as 




,X C G M  PACT ION 
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Figure 2.1: Typical Continuous Gravity Thickener 
Source: Vesilind, 1975
Dawson (2001) mentioned that using settling tanks in series is most effective in 
separating concrete mixer tank wash water’s coarse fractions from the finer ones and 
obtaining clarified water. Murthy et. al. (1998) conducted settling studies on alkaline sludge 
with high sodium ion concentration, and found that adding divalent cations calcium and 
magnesium considerably improved dewaterability. Ward and Huston (1999) worked on 
dewatering paper mill sludge, and found that a gravity thickener-anionic polymer 
pretreatment followed by screw press with cationic conditioner worked best, achieving cake 
solids of 55%. Wahlberg and Keinath (1988) obtained settling volume index (SVI) data on 
return activated and mixed liquor sludge using 1 and 2 L graduated cylinders, with and 
without slow stirring. They also determined settling velocities from batch settling tests, using 
one rpm stirred larger cylinders of inner diameter 0.95 m and height 1.73 m. The SVI and 
settling velocity data were fit to four different models for settling velocity and the authors
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concluded that for all models, the best fit with smaller residual sum of squares errors resulted 
from using stirred 1 L graduated cylinders. While numerous detailed studies have been 
published on the gravity thickening of sewage sludge, there are few studies in literature that 
describe the same for industrials sludges.
Laboratory settling tests aid in the design of settling tanks. The tests use a cylinder for 
settling, to observe the change in height of interface between supernatant and sludge level. 
These tests are subject to much discussion and debate as to the effects of cylinder diameter, 
initial sludge depth and stirring on the settling process as discussed further. Dick and Young 
(1972), Vesilind (1975), and Smith (1996) opined that, to exclude the effects of smaller 
diameters which results in large differences between lab scale tests and actual thickener 
results, the cylinder used should have a diameter of at least 0.1 m and height of at least 1 m. 
Sparr and Grippi (1969) and Voshel (1966) concluded that slow stirring is beneficial to 
sewage sludge settling, by promoting compaction and releasing entrained gases and water. 
APHA et al., (1998) have standardized the batch settling test as a test done with a cylinder of 
at least 0.1 m inner diameter and 1.0 m height, at a slow mixing of 1 rpm, to obtain the zone 
settling rate or velocity. The height of solids-liquid interface is recorded with time and when 
the data is plotted, a curve is obtained the constant slope of which is the zone settling velocity 
that, along with the sludge flow, desired underflow concentration and solids concentration, is 
used to determine the surface area of a thickener (Vesilind, 1975, Sincero and Sincero, 1999).
2.3.3 Vacuum Filtration
Vacuum filtration has been used since decades (Gale, 1967 and Notebaert et al., 
1975) for the dewatering of sludges. Cake filtration offers the advantages of low cost and 
easy operation (Wu et al., 2003). A vacuum filter consists of a rotary drum partially 
submerged in a trough of sludge, and is shown in Figure 2.2. The drum is covered on the 
outside with a filter cloth. A vacuum is applied on the inside of the drum, and water passes 
through the cloth while solids are retained at the outside of the drum on the cloth; a doctor 
blade scrapes the solids off as the drum rotates (Gale and Baskerville, 1970).
The dewaterability of sludge by vacuum filtration can be assessed by experimentally 
determining the ‘specific resistance’, which is the resistance to filtration of a cake with unit 
weight of dry solids per unit area (Vesilind, 1975). It is measured using a Buchner funnel or 
by capillary suction time (CST) apparatus in the laboratory. The maximum limits for
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economical dewatering proposed by Gale (1971) is a specific resistance value of below 0.1 x 
1013 m/kg (at vacuum pressure of 49 KN/m2). Schmidtke (1978) and Christensen and Dick 
(1985) also corroborate with this value for economical dewatering.





Figure 2.2: Typical Rotary Vacuum Filter 
Source: Albertson, 1991
In a study by Mikkelsen and Keiding (2002), different sewage sludges were subject to 
Buchner funnel tests using a Whatman No.41 filter and under 1 bar pressure. SRFs were 
found to be directly proportional to the degree of floe dispersion, and the lowest SRF (12 
m/kg) was that of activated sludge. A literature review on vacuum filtration of industrial 
sludges shows that chemical coagulation in conjunction with filtration is a common 
dewatering option. Besra et. al. (1998) studied the dewatering of iron ore sludge using a 
Buchner funnel unit, flocculants and surfactant. The specific resistance was the lowest, 10'9'5 
m/kg, at a pH of 5 to 6, after the addition of anionic flocculants. Wu et. al. (2000) studied the 
effect of cationic polymer dose on vacuum filterability of kaolin slurry. SRFs were measured 
at doses of 0 to 25 mg/L and they ranged from 0.8 to 4.16 x 10 m/kg
13
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A vacuum filter may be designed based on the use of various filter media in filter leaf 
tests. The required filter area is calculated from the filter yield value, which is defined as the 
amount of cake formed per unit area of filter cloth per unit time (Sincero and Sincero, 1999). 
The filter media that achieves the desired cake solids and filtrate suspended solids can be 
selected.
2.3.4 Centrifugation
The solid bowl centrifuge is one of the most widely used methods of increasing cake 
solids concentration (USEPA, 2000). The centrifuge operates on the principle of accelerated 
settling rate, by means of speed control as well as detention time (O’Donnell and Keith, 
1972, Vesilind, 1974, Vesilind and Zhang, 1984). Figure 2.3 shows a solid bowl centrifuge. 
The bowl is conical shaped which helps lift solids out of the liquid allowing them to dry on 
an inclined surface before being discharged (Kemp, 1997).
Many elaborate studies have been conducted on the use of centrifuges to dewater 
municipal sludges. On the other hand there is little literature available on the application of 
centrifuging techniques to industrial sludge dewatering. Chu and Lee (2001) describe in their 
research work how conditioned activated sludge is centrifuged at between 400 to 1000 rpm 
or 32 to 200 G. An increase in speed up to 700 rpm resulted in a noticeable increase in cake 
moisture removal and cake structure collapse was observed at 1000 rpm.
COVER
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Figure 2.3: Typical Solid Bowl Centrifuge 
Source: USEPA (1974)
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Centrifugation has also been used to dewater oil refinery and citric acid 
manufacturing factory wastes (Onay and Gonenc, 1998). Centrifugation combined with 
polymeric flocculants was used to dewater refinery sludge while reducing the COD of the 
supernatant effectively (Jin et. al., 2003b). According to Campbell et al. (1975), Vesilind 
(1975) and Culp (1979), the solid bowl centrifuge is the most commonly used of various 
types of centrifuges. To design one, a parameter called the sigma factor, denoted by 2 p, is 
determined. The sigma factor is the theoretical hydraulic capacity factor, which represents 
the area of a gravity-settling tank that would be required to give equivalent sedimentation 
performance (Campbell et al., 1975).
Literature review on dewatering of sludges reveals that ferric chloride, aluminium and 
ferrous sulfate are commonly used inorganic coagulants. Cationic and anionic polymers have 
been used with varied effects on different types of sludges. Both vacuum filtration and 
centrifugation have been used with success on sewage and industrial sludges. Gravity settling 
is known to be used on pre cast concrete industry sludge. The common parameters measured 
as an indication of dewatering levels achieved are cake solids, specific resistance to filtration, 
capillary suction time. Hence, in this study, the materials and methods used are similar to 
those reported in literature.
2.4 MATERIALS
The materials used in this study were pre cast concrete industry sludges, inorganic 
and organic coagulants.
2.4.1 Pre Cast Concrete Industry Sludges
The sludges were procured from a typical precast concrete industry, Precast Systems 
Incorporated (PSI), located in Windsor, Ontario. The sludges originate from two main 
sources. Sludge 1 is produced as a slurry waste stream when the prestressed bars of concrete 
are cut with a rotary cutting blade and a large amount of water is used as a coolant. Sludge 2 
is produced when, just after a fresh batch concrete mixed in the mixer tank is poured out for 
use, the fresh mix still on the tank walls is hosed down with water to form waste slurry.
2.4.2 Coagulant Chemicals
The inorganic coagulants used were ferric chloride, ferrous sulphate and aluminium 
sulphate or alum, purchased from VWR Canlab Canada. Organic chemicals used were
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polymers Zetag 7873, Zetag 7875, Zetag 7888 and Magnafloc 110 L, obtained from Ciba 
Specialty Chemicals, Canada. They are described in Table 2.1 below.
Table 2.1: Polymers used to Chemically Condition the Sludge
Polymer Type (anionic or cationic) Description




dispersed in light mineral oil.
Zetag 7873 Cationic Flocculant Low charged
Dispersion.
Polyacrylamide dispersed in 
light mineral oil
Zetag 7875 Cationic Flocculant Medium charged
Dispersion.
Copolymer of a quartenary 
acrylate salt and acrylamide 
dispersed in mineral oil
Zetag 7888 Cationic Flocculant High charged
Dispersion.
Copolymer of a quartenary 
acrylate salt and acrylamide 
dispersed in mineral oil
Source: Ciba Specialties
2.5 EQUIPMENT AND INSTRUMENTS USED
• Analytical Balance (Mettler AE163, USA)
• Hot air oven (Fisher Scientific Isotemp Oven)
• Dessicator (Boekel box type with anhydrous calcium sulphate drying agent)
• Plexiglas cylinder (fabricated by Technical Support Center, University of Windsor)
• Motor for stirring (Phipps and Bird)
• Stirring rake (fabricated by Technical Support Center, University of Windsor)
• Standard 1L Jar Test apparatus (4 jars, HS-4 Stirrer, Phipps and Bird, USA)
• Buchner funnel (VWR Canlab, Canada)
• Vacuum pump (Little Giant, Gelman Sciences Inc., USA)
• Filter leaf test kit (Komline Sanderson, USA)
• Magnetic stirrer and bar magnets (Fisher Scientific, USA)
• Filtration apparatus (Millipore, USA)
• Glass fibre filter paper (Whatman Grade 934 AH, VWR Canlab, Canada)
• Centrifuge (Centra-8, International Equipment Company, USA)
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2.6 METHODS
The Table 2.2 presents the characterization parameters evaluated in this study and the 
methods used to quantify them. Details are elaborated upon in Sections 2.6.1 to 2.6.6.




2.6.1 Total Solids Methods 2540G (APHA et al., 1998)
2.6.2 Wet Density ASTM D6023
2.6.3 pH pH in Soil (Atkinson et. al., 1958)
2.6.4 Available Lime Index, %CaO ASTM Method C25 Test no.28
2.6.5 Calcium Carbonate Equivalent, 
% CaC03
ASTM Method C25 Test no.33
2.6.1 Total Solids
In the total solids analysis, the samples were measured in triplicate using graduated 
cylinders and poured in weighed evaporating dishes and dried in a hot air oven at 103-105°C 
overnight. They were then cooled in a dessicator and weighed using an analytical balance. 
The percent solids was calculated as per APHA et. al. (1998) method for solid and semi-solid 
samples, as given below:
(A -B )*100Per cent solids = ----------------
C -B
Where
A is the weight of dried residue and dish, mg 
B is the weight of dish, mg 
C is the weight of wet sample and dish, mg
2.6.2 Wet Density
The wet density of sludge 1 and 2 is determined according to ASTM D 6023 (Unit 
weight (density) of controlled low strength material (mortar or concrete)). A measure is 
calibrated according to ASTM C 29. The volume V of the measure is calculated by dividing 
the mass of water required to fill it, by its density. The factor for the measure is given by 1/V, 
then ASTM D 6023 is followed: the same measure is filled with the sludge. Gross mass is 
measured, after strike off and cleaning of surface. The mass of the sample is calculated by 
subtracting mass of measure from gross mass. Density W is calculated by multiplying the 
mass of the sample by the calibration factor (1/V).
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2.6.3 pH
The pH of the samples in triplicate was measured according to a water extract method 
for soil pH in water (Atkinson et. al., 1958). A 10 mL volume of a sample was taken in a 
50mL glass beaker. Then 40 mL deionized water was added and stirred at every 5-minute 
interval, for half an hour. A glass electrode was then introduced and the pH measured using a 
pH meter. For solid samples, pH was determined on water extracts at a sample to deionized 
water ratio of 10:40 (w/v) and the procedure of intermittent stirring and pH measurement as 
described above was followed.
2.6.4 Available Lime Index
The available lime index (ALI) in terms of percent calcium oxide (CaO) is measured 
according to ASTM method C25 (Standard Test Methods for Chemical Analysis of 
Limestone, Quicklime, and Hydrated Lime) test no. 28. This test assesses the available lime 
in a hydrated lime sample. The sludge is dried and powdered to pass through a No. 50 (U.S.) 
sieve. A 2.804 g weight of this sample is dispersed with water and solubilized by a reaction 
with sugar to form calcium sucrate, determined titrimetrically with a standardized acid and 
indicator. Analytical grade sucrose, sodium carbonate, hydrochloric acid and phenolphthalein 
indicator purchased from VWRCanlab, Canada were used.
2.6.5 Calcium Carbonate Equivalent
The ASTM C25 (Standard Test Methods for Chemical Analysis of Limestone, 
Quicklime, and Hydrated Lime) test no. 33 for calcium carbonate equivalent (CCE) is akin to 
the alkalinity test of the ‘Standard Methods for the Examination of Water and Wastewater’ 
(APHA, et al., 1998). In this test, the neutralizing ability of a test material (for example, any 
material being evaluated as an agricultural liming agent) by titration with a standardized acid, 
using indicators. The sludge is dried and powdered to pass through a No. 60 (U.S.) sieve. A 
3.40 g weight of this sample is dissolved in acid and titrated. Analytical grade sodium 
hydroxide, hydrochloric acid and a mixed indicator of bromocresol green and alizarin red 
purchased from VWRCanlab, Canada were used. The CCE, in conjunction with the ALI, is 
useful in providing information on the cementitious properties of sludge 1 and 2 as well as 
their potential of being alkaline agents.
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2.7 EXPERIMENTS
The experiments in this study were conducted in three steps:
(1) Characterization of the sludges
(2) Dewatering of the sludges
(3) Cost analysis of the dewatering methods.
The experimental procedures followed are described below in sections 2.7.1 to 2.7.3.
2.7.1 Characterization of Sludges
The precast concrete industry sludges were characterized for total solids, wet density, 
pH, available lime index and calcium carbonate equivalent. The evaluation of these 
characteristics of sludges 1 and 2 with beneficial reuse/ recycling in perspective was reported 
in Chapters 3 and 4.
2.7.2 Dewatering of Sludges
Four processes were examined under the dewatering study: gravity thickening, 
chemical conditioning, vacuum filtration and centrifugation.
2.7.2.1 Gravity Thickening
Various standard and non-standard tests, listed in Table 2.3, were conducted using the 
sludge to assess the efficiency of gravitational thickening. Each test was conducted in 
triplicate. Firstly, a simple test was done by letting sludge 1 settle in 1 L glass jars for more 
than two weeks with no mixing. This action mimicked the thickening in the storage settling 
tanks at the industry. Supernatant obtained during this settling period was decanted. The 
solids concentrations before and after the test were recorded.
Table 2.3: Tests to Assess Gravitational Thickening Efficiency
Initial Solids 
Concentration%
Stirring Settling Test Reference
20.00 No 1 L Glass Jar None
20.00 No 1 L Graduated Glass Cylinder 
ID 0.063 m, Height 0.366 m













ID - Inner Diameter
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Secondly, a standard settling test was conducted as per APHA et al. (1998), using a 
standard 1 L graduated glass cylinder o f height 0.31 m and inner diameter o f 0.063 m. 
Thirdly, a larger Plexiglass cylinder o f height 1.5 m and inner diameter o f 0.1 m was used in 
similar batch settling experiments, to exclude the effects of small diameter cylinders as 
suggested by Vesilind (1975) and Smith (1996). In the second and third tests, a very slow 
mixing o f  around 1 rpm for one hour was provided by an electrically driven (Phipps and Bird 
motor) stirring rake. Experimental setup details are shown in Figure 2.4.
(a) Small Glass Cylinder (b) Large Plexiglas Cylinder
Figure 2.4: Gravitational Thickening Test Apparatus
The height o f solids-liquid interface in both sets o f tests was recorded with time. The 
sludge solids concentrations were determined by taking sample from the bottom after the 
tests. The interface heights and times were plotted and curves were obtained, the slopes from 
which zone settling velocities were derived. In the third set o f tests with the larger cylinder 
different dilutions o f sludges were used. The sludge was diluted with water to obtain 
dilutions up to the original solids concentration and the sludge was settled for a few days to 
separate supernatant formed to obtain higher concentration than the original. The solids 
fluxes were then determined by multiplying the settling velocities with solids concentrations. 
The solids values were converted from percent values to values with units o f kg/m2, knowing 
the specific density of the sludge. The maximum allowable solids loading was obtained from 
the minimum solids flux point on the curves. In this study, the Yoshioka Construction 
method (Yoshioka et al., 1957) was followed in which a graphical solution was arrived at by 
drawing a line from the desired underflow concentration (Cu) and tangent to the flux curve to
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intersect at the limiting flux (G l). The surface area o f the thickener was determined using the 
equation (Vesilind, 1975):




A = area o f thickener, mk
Q = flow, nT/h
Cu = underflow concentration, kg/nr’
G = solids flux, kg/m2/h
2.7.2.2 Chemical Conditioning
Jar tests are an established means o f determining the optimum doses o f chemicals 
added to aid in dewatering sludge. Generalized one-liter jar test conditions are given in the 
‘Guidance manual for polymer selection in wastewater treatment plants’ (WERF, 1993). The 
ja r tests conducted in this study involved mixing coagulants into sludge sample in 1 L jars, 
with electrically operated mixing rods as depicted in Figure 2.5. The steps followed were 
rapid mixing at 100 rpm for one minute, slow mixing at around 35 rpm for 20 minutes, and a 
settling (no mixing) period o f 35 minutes. Both inorganic and organic chemical agents were 
used in the jar test experimentation on the sludge. Optimum dosages were determined by 
conducting jar tests with varying concentrations of coagulant chemicals.
Figure 2.5: Standard 1L Ja r Test Apparatus
The inorganic coagulants were made to solutions o f strength lm L = lOmg, and were 
tested first in 1 L glass jars, then in the standard 1L jar test apparatus. Dose range was 100 to 
800 mg/L or 6.4 to 51.4 mg/g (dry weight basis) in order to optimize the dose. Polymers
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were then used to determine the effectiveness in dewatering of the sludge, as compared to 
conventional inorganic coagulants alone. The polymers were made to 1% solution as per 
manufacturers instructions and dosed at 0.5 to 3.0 mg/g (dry weight basis) for optimization.
During the initial jar test runs, it was observed that a rapid mixing speed of 100 rpm 
for one minute was inadequate to mix a polymer completely with the sludge. Hence, the jar 
tests were conducted in the following manner and order:
1. Rapid mixing at 300 rpm for 10 seconds
2. Rapid mixing at 100 rpm for 50 seconds
3. Slow mixing at 35 rpm for 20 minutes
4. Settling for 35 minutes
After the settling period, the supernatant was decanted and sludge cake analyzed for 
total solids to compare the initial solids. The percent increase in cake solids with varying 
doses of chemical coagulant were recorded.
2.1.23  Vacuum Filtration
The dewaterability of sludge by vacuum filtration was assessed by experimentally 
determining the specific resistance, r, using a Buchner funnel apparatus. In each test, 100 mL 
of the sludge measured with a graduated cylinder was poured into the Buchner funnel with a 
vacuum pressure of 47.46 KN/m2 as per Gale (1971) and Vesilind (1975) applied by means 
of a Little Giant vacuum pump (Gelman Sciences Inc., USA). For elapsed times in seconds, 
the volume of filtrate collected was noted. From the plotted graph of time/volume vs. volume 
of filtrate the slope of the line is calculated. The specific resistance to filtration, ‘r’, is then 
calculated from the equation below (Vesilind, 1975):
_ 2 * P * A A2*b 
r _  p * W
Where
P = pressure, N/m
A = area of filter, m2
b = slope of line, s/m6
p = dynamic viscosity, Ns/m
W = cake deposited/unit volume of filtrate, kg/m3
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The calculated ‘r ’ value was compared with that suggested by Gale (1971) for 
economical dewatering to assess cost effectiveness of the method. Next, filter leaf tests were 
conducted with a number of filter cloths, of various fabric and porosity, to select the cloth 
that achieved the desired cake solids and filtrate suspended solids. Experiments were 
conducted by using a Komline Sanderson (USA) filter leaf test kit, a schematic of which is 
given in Figure 2.6.
In these tests, the filter cloth is tightly stretched over a frame that allows the filter 
cloth be in contact with sludge when submerged into a jar containing sludge. Vacuum 
applied to the other end of the frame allows cake solids to build up on the cloth face while 
filtrate passes through to the other side and into a graduated cylinder through tubing. 
Magnetic stirrer and bar magnets were used to keep the sludge well mixed during filtration.
Vacuum I I H f iH  I m I f  — ► Filter cloth
Figure 2.6: Komline Sanderson Filter Leaf Test Apparatus
Using various filter media or cloths, the cycle time (time of forming, drying and time 
off vacuum) and the weight of the sludge cake formed was recorded. For each filter cloth 
used, filtrate suspended solids and cake solids were determined. The filtrate suspended solids 
were analyzed according to APHA, et al. (1998). The filter yield is then calculated as follows 
(Vesilind, 1975):
Filter yield ‘ Y’ = (total cake dry weight/area of filter leaf)/cycle time, in kg/m2/h 
From ‘Y’, the filter area can be calculated as ‘A’ in m = Y/S where ‘S’ is the solids loading 
in kg/h.
2.7.2.4 Centrifugation
In the laboratory, twenty-four tests were initially carried out using a laboratory scale 
centrifuge with detention times of 5, 7, 10, 15 and 20 minutes for varying speeds of 500,
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1000, 2000, 3000, 4000 and 5000 revolutions per minute (rpm). The rpm values were 
converted to ‘G’ values (number, times the gravity) given in the centrifuge’s manual (Centra- 
8, IEC), to be 35, 140, 570, 1300, 2250 and 3500G. To design a solid bowl centrifuge, the 
sigma or theoretical hydraulic capacity factor was determined mathematically by the 
equation given by Vesilind (1975):
S P = Vco2/[g In (r2/ri)]
In this equation, the optimum rpm speed was used to calculate co. To scale up from a 
laboratory bench scale centrifuge to an actual solid bowl centrifuge, the relationship given 
below was used (Campbell et al., 1975):
Qnp/Ep = Qhf/2f
The volume of the sludge taken and the optimum retention time is used to calculate 
the Q h p  value. Q h f  value is the actual flow of sludge 1.
2.7.3 Cost Analysis
The cost analysis is important in the selection of a dewatering process. The ‘Sludge 
dewatering design manual’ (Campbell, et al., 1975) describes the costs analysis of 
dewatering equipment and construction costs using a cost index and cost curves. Cost curves 
from this manual and those from Culp (1979) were used. These are shown in Appendix B. 
The Marshall and Swift (M&S) equipment cost index was used to estimate current capital 
cost of equipment (Smith, 1996):
Current cost = Estimated cost * (Current index value/index value at time of estimate)
The M&S equipment cost indices in the years 2003, 1976 and 1975 are 1116.4, 472,
and 451 respectively as given in Chemical Engineering (2003). A list of the M&S equipment 
cost indices is given in Appendix B.
2.8 RESULTS AND DISCUSSIONS
2.8.1 Characterization Analyses
The Table 2.4 depicts the first few characterization parameters and the experimentally 
determined values for sludges 1 and 2. Flows of sludge 1 and 2 were 505.2 L/d and 1030.0 
L/d respectively. The wet densities of sludge 1 and 2 were determined as 1500 kg/m3 and 
1610 kg/m3 after weighing the gross and water weight.
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Table 2.4: Characterization of Sludges 1 and 2
Parameter Sludge 1 Sludge 2
Wet Density, kg/m3 1500.0± 2.6 1610.0+ 4.5
Total Solids, per cent 20.00±1.2 31.00+1.8
Daily Solids, kg/d 151.6 514.1
pH 11.30±0.30 11.60±0.40
Calcium Carbonate Equivalent, 
per cent CaC0 3
18.75±1.36 20.20±0.86
Available Lime Index, 
per cent CaO
0.27± 0.055 6.86+1.37
The total solids content, an important parameter in this study that aided in the 
assessment of dewatering and the usefulness of the sludges, is found to be consistent for both 
sludges throughout the course of the project. Average sludge 1 solids are 20% while solids in 
sludge 2 are 31%.
The average pH value for sludges 1 and 2 are 11.30 and 11.60 respectively for a 
water-extracted sample of lOmL sample in 40 mL water. The sludges were hence deemed 
highly alkaline, with possible use as alkaline agents that would stabilize sewage sludge. 
However the sludges might need an additional liming agent such as quicklime, to raise the 
pH level of the sewage sludge to 12 as required by regulations (USEPA, 2003 and NRC, 
2003). Sludge 1 would require more additional lime additive than sludge 2 owing to its lower 
pH, thus increasing costs. Sludge 1 also contains more water than sludge 2 and would require 
more intensive dewatering, again raising costs.
The calcium carbonate equivalent of sludge 1 and 2 are 18.75% and 20.20% 
respectively, as per cent calcium carbonate, on a dry basis. These numbers are similar and 
indicate an almost equal ability by both sludges to neutralize a material. However, the 
available lime indices of sludge 1 and 2 differ significantly, at 0.27% and 6.86% per cent 
calcium oxide respectively. Normally, unhydrated Class C and Class F fly ashes have 
calcium oxide contents of above 8% and below 8% respectively (CSA A23.5 specifications). 
A type 10 Portland cement has around 1.22% of free lime (CSA A5-98 specifications). The 
ALI of sludge 1 at 0.27% is low indicating that hydration has occurred and is almost 
complete leaving the sludge with little available calcium to contribute to cementitious
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properties and form concrete. Sludge 1 is hence not deemed a cementitious material; rather it 
would contribute to the water and fine aggregate content of a concrete or mortar mix, two 
important properties aiding in high slump or flowability. The high water content also would 
lower the strength of a concrete material (Kosmatka et. al, 2002) in which it would be used. 
These properties would be a benefit in controlled low strength materials (CLSM), which are 
marketable flowable low strength concrete or mortar products. However, in order to be used 
as an alkaline stabilizing agent to stabilize sewage sludge, the sludge 1 is to be dewatered 
first owing to its high water content (80 %), which would inflate heating costs during the 
stabilization procedure. Sludge 2 however has more available, unhydrated lime to be used as 
a cementitious material aid and 11% less water than sludge 1. The water content would also 
be useful to enhance flowability of CLSMs and if economical dewatering options are found, 
the sludge 2 with its high CCE and ALI is deemed a potential sewage-sludge stabilizing 
agent.
It was thus demonstrated that the sludge 2 possessed high potential to be reused in 
low strength concrete/mortar products and be recycled as an alkaline agent to stabilize 
municipal sewage sludge. Hence dewatering studies, as a precursor the to land disposal 
option, were not conducted on the sludge 2. On the other hand, sludge 1, the blade cutting 
sludge, was not proved to possess characteristics required of an alkaline agent nor possess 
cementitious properties. Hence dewatering experiments were conducted on sludge 1 to 
reduce volume and better its chances of reuse in concrete/mortar products, or mitigate costs 
associated with handling and transportation to a landfill.
2.8.2 Dewatering Alternatives Analysis
2.8.2.1 Gravity Thickening
In the initial settling test in a glass jar with no stirring, sludge 1 settled into three 
zones: clear supernatant, turbid suspension and heavy thick zone at the bottom. The observed 
segregation after settling corresponds to the three zones in a gravitational thickener: the clear, 
feed and compaction zones. It was found that with a one-week settling period, the sludge 
solids content increased from the initial 20%±1.2 to 30%±1.6. Thereafter, no reduction in 
water content was observed.
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For the second set of settling experiments conducted in triplicate using a graduated 
glass cylinder of 1 L capacity, the interface heights and times were plotted. From the curves 
obtained, the average zone settling velocity is 1.47 m/d when no stirring is done. With slow 
stirring, the zone settling velocity is around 3 time higher, at 4.32 m/d. Graphically depicted 
in the Figures 2.7 and 2.8 below are the curves obtained from cylinder settling tests with no 
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Figure 2.8: Determination of Zone Settling Velocity Using 1-L Graduated 
Cylinder (With Stirring)
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From the third set of settling experiments conducted using a larger capacity cylinder, 
the interface heights and times were obtained and plotted as was done with the second set of 
tests. The zone settling velocities varied with initial solids concentrations, as depicted in 
Figure 2.9. The settling velocities were calculated to be 19 to 70 m/d for initial solids of 
about 9 to 30%, much higher than those obtained from the 1-L graduated cylinder tests. Each 
settling velocity was multiplied by the corresponding solids concentration to obtain the solid 
flux values. Solids flux values ranged from 359.25 to 486.24 kg/h/m . The variation of solid 
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Figure 2.10: Variation of Solids Flux with Solids Concentration, 
Using Large Cylinder
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2
For a desired underflow solids of 35 to 40 %, the solids flux was 550 to 470 kg/h/m , 
was determined by the Yoshioka construction (Yoshioka et al., 1957). The area of the 
thickener was calculated as 0.077 m .
2.8.2.2 Chemical Conditioning
The chemical conditioning test on the sludge proved ferric chloride and aluminium 
sulphate to be ineffective in aiding in the removal of water from the sludge. Optimization 
test results for ferrous sulphate doses are shown in Figure 2.11 and values are given in 
Appendix A. The doses resulted in average cake solids of 22.9% to 26.8%, a modest 
dewatering of 2.9% to 6.8%. The results indicate that commonly used inorganic chemicals 
may not be suitable to help dewater the sludge. The pFl and alkalinity of the sludge greatly 
influence the formation of metal hydroxides, key in coagulating constituents of a wastewater 
or sludge (Vesilind, 1975). The pH of the sludge was an average of 11.3, and various studies 
have indicated that the optimum pH for inorganic coagulants is near neutral or lower 
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Figure 2.11: Results of Chemical Conditioning with Ferrous Sulphate
Experiments on polymers were then conducted to determine the affect on the blade 
cutting sludge, compared to conventional inorganic coagulants. Results from the jar test with
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polymer are shown in Figure 2.12, which demonstrated that the cationic polymers worked 
better than anionic ones. Detailed data can be found in Appendix A.
The failure of the anionic polymer in dewatering the sludge 1 may be due to, 
according to Smith (1996), its need of a metal salt such as ferric chloride for prior 
coagulation. A cationic polymer can serve as both coagulant and flocculant. The higher 
dewatering achieved by cationic polymer may also be due to the pH of the sludge, similar to 
findings by Chuan and Liu (1996) where high charge cationic polymer worked better for 
industrial sludge at neutral to alkaline pH conditions.
The use of Zetag 7888 at 3 mg/g (dry basis) resulted in a high of 40% cake solids. 
The sludge 1 hence requires a positive high charged polymer to increase solids percent 
effectively. However, the pH of the chemically conditioned sludge dropped from 11.3 to 10.6 
upon use of Zetag 7888, reducing its potential as an alkaline stabilizing agent. The change in 
chemical composition of the polymer of the sludge due to adding polymers would also 
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Figure 2.12: Results of Anionic and Cationic Polymer Conditioning
2.8.2.3 Vacuum Filtration
From the Buchner funnel test results, a graph was obtained and is shown in Figure 
2.13. This graph gives the slope of the line, one of the parameters required to find specific
■4— Zetag 7873 
• — Zetag 7875 
■A— Zetag 7888 
- m —  Magnafloc 110 L
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resistance, r, in m/kg. The other parameters are tabulated in Appendix A. The ‘r ’ value 
calculated was 3562262.97 kg/m, or 3.56 x 106 kg/m.
0.38 
j  0.36 
S 0.34 
I  0.32 
|  0.30
I  0.28 
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Figure 2.13: Buchner Funnel Test Results
This specific resistance value is well below the maximum limits for economical 
dewatering proposed by Gale (1971), of 0.1*1013 m/kg (at 49 KN/m2) and by Schmidtke 
(1978) and Christensen and Dick (1985). The cake solids obtained were 40% after vacuum 
filtration, in other words the water content decreased from 80% to 60%. Dewatering of the 
sludge 1 by vacuum filtration is highly recommended, as the ‘r’ value indicates its 
ffectiveness in removing up to 20% water.
To design a vacuum filter, filter leaf test results were analyzed. Initial test using 
various filter media of porosities between 1 and 300 cfm indicated that filter media of 
porosity 1 to 5 cfm worked best; elaborate testing was done on these cloths. Figure 2.14 
represents the results of the filter leaf tests conducted on the sludge, the details of which are 
in Appendix A. The Komline Sanderson filter fabric cloths #515, made of nylon, and #2001, 
made of polyethylene, were deemed most suitable for sludge 1, since their use resulted in a 
high cake solids (45 to 50%), while filtrate suspended solids were low compared to cloths 
that gave a higher cake solids but correspondingly higher filtrate suspended solids 
concentration.
y =  0.0015x + 0.1991 
R2 = 0.9407
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Figure 2.14: Filter Leaf Test Results
The filter yield was calculated knowing the data on area of filter leaf, total cake dry 
weight and cycle time. For a cake solids of 49.2 % with cloth #2001 and a filter area of 0.1 
ft2, the cycle time was 1.12 minutes. The cycle time was split as 27 s forming time, 10 s 
drying time and 30 s off vacuum. Filter yield was calculated to be 1773.65 kg/m /hr.
The sludge solids loading isl51.56 kg/d; assuming an 8-hour working day, the solids 
loading is 151.56/8 = 18.95 kg/hr. The required filter area, calculated as solids loading/filter 
yield, was 0.011m2.
2.8.2.4 Centrifugation
Figure 2.15 graphically represents the results of the centrifuge tests conducted in the 
laboratory; the details are given in Appendix A. From the 24 initial tests of varying speed and 
time, it was seen that at 2000 rpm and 20 minutes, 41% cake solids were achieved. Similar 
results were obtained at 3000 rpm and 10 minutes retention time as well. The objective was 
to find the condition where energy use was a minimum. So, to find out if, at a smaller 
detention time but at 3000 rpm, a cake of at least 40% solids could be formed, the 
intermediate time of 7 minutes was chosen to help interpolate values. Three more tests of 
centrifuging at speeds 2000, 3000, and 4000 rpm were done for 7-minute retention times. 
Results show that 3000 rpm and detention time of 7 minutes achieved 40% cake solids.
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Figure 2.15: Laboratory Centrifugation Test Results
From the equations to scale up a pilot centrifuge to actual size using the sigma factor, 
the value of V was 13.7 cm2 and Ep is 23406.1 cm2. Q h p  was 30mL per 10 minutes, or 
0.00018 m3/h, while QHf was 0.505 m3/d or 0.00211 m3/h. Hence the Ef value was computed 
to be 2.75 * 106 cm2.
2.8.3 Cost Analysis
Using the cost curves by Culp (1979) and Campbell, et al., (1975) as well as the M&S 
equipment cost indices reported in Chemical Engineering (2003), the capital costs of 
thickening and dewatering are evaluated. All dewatering options require a pump station 
consisting of a constructed pump house enclosure and the pump equipment itself. The flow 
of sludge 1 is 0.5 m3/day, interpreted as 0.5 m3 per 8 hours (one working day) for 
calculations.
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2.8.3.1 Pumping
(a) Pump Station Construction Cost
The per hour flow: 0.505/8=0.0632 m3/h or 0.278 gpm. From a cost curve for a 
pumping station (Culp, 1976), for this flow, the cost of a pumping station was $5000.00 in 
1976. The M&S index value in 1976 was 472. Using the equation for current cost (Smith, 
1996),
Cost (2003) = $5000.00 X (1116.4/472) = $11826.30
(b) Pump Equipment Cost
From the dewatering design manual (Campbell, et al., 1975), the pump equipment 
cost is based on a flow of 7m3/h, since this is the minimum flow given. The cost was 
$2800.00 in 1975, and M&S was 451. Updated with the M&S index,
Cost (2003) = $2800.00 X (1116.4/451) = $6931.08
(c) Total Pumping Costs
The total cost of pumping = $11826.30+$6931.08 = $18757.38
2.8.3.2 Gravity Thickener
The surface area calculated using the solids flux is A = 0.077 m2, this worked out to 
be just 0.83 ft2. This is an extremely low value, and the minimum area for which costs can be 
predicted is 100 ft2 for which the construction costs in 1976 were around $50,000.00 (Culp, 
1979). Using the M&S cost index in 1976 was 472. Hence,
Cost (2003) = $50,000.00 X (1116.4/472) = $118262.72 
Pumping cost is $18757.38.
Total one time capital costs = $118262.72 + $18757.38 = $137020.10
2.8.3.3 Chemical Conditioning
Chemical conditioning costs are the pumping station costs, chemical costs, polymer 
storage and feeding and gravity settling tank costs. The pumping cost calculated was 
$18757.38 and the capital cost of the gravity thickener was $118262.72.
(a) Cost of chemical
Sludge solids loading was 151560 g/d. From the jar tests, Zetag 7888 at a dose of 
3mg/g was selected. Hence for 151560g/d the chemical required was 3mg/g X 151560g/d = 
454680 mg/d = 0.455 kg/d.
Cost of 1 kg of Zetag 7888 was $4.50. Hence cost of 0.455kg was $2.05/d, or $748.30/year.
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(b) Chemical feed systems
0.455kg/d = 1.002 pound (conversion: 1 pound = 0.454 kg)
Assuming an 8-hour workday, chemical required was: 1.002 lb/8 hour, or 0.125 lb/hour,
From the cost curves by Culp (1976) for polymer storage and feeding, cost was 
approximately $10,000 in 1976. Using the M&S equation (Smith, 1996):
Current cost (2003) = 10000 X (1116.4/472) = $23652.54
(c) Housing
From the table 2-3 of Culp (1976), the housing in 1976 was around $3000. Using the 
M&S equation (Smith, 1996):
Current cost (2003) = 3000 X (1116.4/472) = $7095.76
(d) Total chemical conditioning capital costs
Total capital costs = $23652.54 + $7095.76 + 18757.38 + $118262.72 which is = 
$167767.72. The yearly chemical costs = $748.30.
2.8.3.4 Vacuum Filtration
The filter area calculated was 0.011 m2. This was a very low area, and cost curves 
from Campbell et al. (1975) for vacuum filter equipment cost start at a 2m2 filter area. Hence, 
assuming a minimum surface area of 2m2, the cost was $40,000 in 1975. Applying the M&S 
equation (Smith, 1996), and using the M&S equipment cost index of 1975 as 451,
(a) Current cost (2003) = 40000 X (1116.4/451) = $99015.52
(b) Pumping cost = $18757.38.
(c) Total capital costs -  $99015.52 + $18757.38 = $117772.90
2.8.3.5 Centrifugation
From the equations to scale up a pilot centrifuge to actual size using the sigma factor, 
the value of V was 13.7 cm2 and £p is 23406.1 cm2. QHp was 30mL per 10 minutes, or 
0.00018 m3/h, while Q h f  was 0.505 m3/d or 0.00211 m3/h. Hence the Z F is 2.75 X 106 cm2. 
From Campbell (1975) cost curves using the sigma factor the minimum of which is 1 x 107 
cm2, the cost of a solid bowl centrifuge was around $50,000 in 1975. Using the M&S current 
cost equation (Smith, 1996),
(a) Current cost (2003) = 50000 x (1116.4/451) = $123769.40
(b) Pumping cost = $18757.38.
(c) Total capital costs = $123769.40 + $18757.38 = $142526.78
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2.8.3.6 Summary of Costs
The cost analyses of the sludge 1 dewatering options studied are tabulated below in 
Table 2.5. Vacuum filtration was the least expensive method of water removal corroborated 
by the specific resistance value being within limits for economical dewatering. Chemical 
conditioning was the costliest and produces a sludge of modified characteristics that needs to 
be dealt with, adding to the costs.
Table 2.5: Summary of Dewatering Cost Analysis
Dewatering Method Capital Costs*
Gravity Thickening $137020.10
Chemical conditioning $167767.72
(plus yearly chemical costs of $748.30)
Vacuum filtration $117772.90
Centrifugation $123769.40
ixcludes power, labor and maintenance costs
2.9 CONCLUSIONS
From the sludge 1 thickening and dewatering experiment results as well as the costs 
analysis, the following conclusions can be drawn:
• Gravity thickening with no chemical additive produced a cake solids of around 30%, 
which may be adequate if the sludge is to be used to make flowable concrete or mortar 
products which need a higher than usual water content
• Jar tests determined that a cationic polymer of high charge worked better than anionic 
polymer and achieved 40% cake solids
• Chemical conditioning resulted in a change in pH of the sludge, affecting its potential 
as an alkaline stabilizing agent
• Vacuum filtration using nylon and polyethylene filter cloths of porosity 2 to 5 cfm 
resulted in high cake solids of 50%
• Centrifugation performed similar to vacuum filtration, yielding a maximum of 48% 
cake solids at detention time of 20 minutes at 5000 rpm
• Vacuum filtration was analyzed to be the most economical viable option to dewater 
the sludge for disposal purposes
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3 RECYCLING OF PRE CAST CONCRETE INDUSTRY SLUDGES IN 
CONTROLLED LOW STRENGTH MATERIALS
3.1 INTRODUCTION
A sustainable, alternate option to land dumping of industrial wastes would be to reuse 
or recycle the waste product back into that sector of industry from which it was generated. In 
this study, the slurry-like wastes generated from precast concrete industry, is assessed for 
their potential as a material recyclable within the concrete industry sector. The market of 
producing commercial goods from concrete slurry or sludge is an untapped one. It is 
expected to figure in a large way in the recycling initiatives of the concrete industry owing to 
stricter regulations governing industrial waste treatment and disposal. Concrete is easy to 
reuse and recycle in that waste products from the concrete industry can be used as aggregate, 
or to make other concrete products. Crushed hardened concrete is already being used as 
aggregate and makes up for 2% of Ontario’s total aggregate market (Wilson, 2003). Pre cast 
concrete industry sludge may be recycled into flowable concrete or mortar, taking advantage 
of their inherent properties (Sealy, 2001) of high water content and aggregate and cement 
particle content.
The recycling of the sludge, produced when the mixer tank is washed with water, has 
been reported by Pistilli et. al. (1975). The authors attempted to recycle the sludge back into 
ready mix concrete, but found that the sludge could not substitute for cement owing to the 
near complete hydration state. However, they rightly noted that the large amounts of such 
waste produced in a concrete industry warrant the examination of recycling as an alternative 
to land disposal. Since the time the study by Pistilli et. al. (1975), reclaimed concrete waste 
from the mixer tank wash process is known to be used as batch water for fresh concrete, but 
problems are associated with the batch water quality and its effects on the concrete produced; 
as a consequence land disposal is also still common (Chini and Mbwambo, 1996). 
Alternatives to land disposal and recycling the concrete waste as a cement substitute are 
recycling it into other concrete products like flowable fill, pump grout and mud mat concrete 
(Vickers, 2002).
In a typical concrete product, the water to cement ratio is 0.4 (Kosmatka et al., 2002). 
It might not be economical to reduce the sludge water as much as to obtain the above water 
to cement ratio. However, with a minimal reduction, the sludges’ water content can be used
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to advantage in manufacturing flowable concrete or mortar products, an economically 
attractive option. These kinds of concrete products are called controlled low strength 
materials (CLSM) and typically have high water to cement ratios of 2.9 to 6.4 (ACI, 1999). 
With the required water provided by the sludge, no extra fresh water need be added to the 
mix. The use of non-standardized materials may be allowed provided the mix designs 
produce the desired qualities in a mix (ACI, 1999). Recycling waste products into controlled 
low strength material (CLSM) would benefit the environment (Gabr and Bowders, 2000) and 
substantially reduce costs (Brewer, 2000). The physical and chemical analyses done indicate 
that sludge has strong potential to be economically recycled into controlled low strength 
materials. Precast concrete industry sludge, being an industrial by product, is regarded as 
non-standard material. According to ACI Committee 229 R (1999), if it can be demonstrated 
as economical, readily available and technically feasible, then non-standard material can be 
used in CLSM mixtures.
3.2 OBJECTIVES
The goal of this study was to find a means by which sludge produced by precast 
concrete industries may be beneficially recycled or reused as a part of the controlled low 
strength materials, taking advantage of the sludges’ high water content and cementitious 
properties. The impetus of this study on recycling the sludge into CLSM is on arriving at 
environmentally sustainable and economically feasible options in concrete industry waste 
management. This will provide an alternative to the landfilling of sludge, promoting 
sustainability measures that can be easily implemented by other ready mix and precast 
concrete industries.
The scope of this study is delineated below:
• Characterize the sludges to assess their water content and cementitious properties
• Design mix proportions of sludge, fly ash, cement and aggregate as per Canadian and
USA regulations or guidelines and various literatures
• Assess the mixes for engineering properties of flowability, segregation, hardening
time, density, shrinkage and compressive strength
• Determine the applications of the mixes produced from the sludges
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3.3 LITERATURE REVIEW
3.3.1 C a n a d ia n  an d  USA R eg u la tio n s and  G uid elin es
Controlled low strength materials (CLSM) are defined by the American Concrete 
Institute (ACI) Committee Report 229 (ACI, 1999) as being self-compacting, flowable 
cementitious material and are hence convenient to place in areas where placing and 
compacting is difficult and have varied applications. In Canada, although guidelines on a 
range of CLSM are not established yet, the National Research Council (NRC) has guidelines 
for one mix: unshrinkable backfill (NRC, 2002), as given below:
• Cement type: Type 10 Portland cement
■3
• Cement content: 25 kg/m maximum
• 28 day compressive strength: 0.4 MPa maximum
• Coarse aggregate: greater than 50% of the mix (maximum size: 37.5 mm)
The ACI 116 Report (ACI, 1978) defines CLSM as materials that result in a 
compressive strength of 8.3 MPa (1200 psi) or less at 28 days. The strength is limited 
because of excavatability requirements or to manufacture economical mixes where strength 
is not an issue, as in non-structural applications like grouting or void filling. CSLM mixtures 
usually consist of water, Portland cement, fly ash or other similar products with or without 
fine or coarse aggregates. The use of standardized materials that meet ASTM or other 
requirements is not always necessary as long as the required characteristics are brought out in 
the resulting mix; typical characteristics of a CLSM are listed below (ACI, 1999):
• Flowability: 8 inch (203 mm) patty when following ASTM D 6103
• Hardening time: varies, generally less than a day
• Segregation: adequate fines are required to produce no visible segregation
• Wet density: 1840 to 2320 kg/m3
• Water content: 193 to 344 kg/m3
• Cement content: 30 to 120 kg/m3
• Fly ash: Type C: up to 210 kg/m3; Type F: up to 1200 kg/m3
• Ultimate linear shrinkage 0.02 to 0.05%
• Permeability 10"4 to 10'5 cm/s
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In the United States (US), many offices of the Department of Transportation (DOT) 
or Department of Energy (DOE) have developed mix designs for various applications. Table
3.1 shows the mix proportioning by various US DOTs or DOEs.
Table 3.1: CLSM Mix Designs of Various Department of Transportation/Energy




















CO DOT 30 — 1010 1096 193 0.4
IADOT 60 178 1543 347
FL DOT 30 to 60 0 to 356 1632 297maximum 0.3 to 1.0
ILDOT 30
178 Class F 
or
119 Class C
1720 222 to 320
SC DOT 30 356 1483 273 to 320 0.6
SR DOE 30 356 Class F 1492 397 to 326 0.2 to 1.0
* Adapted from ACI Committee Report 229 (ACI, 1999)
The 28-day compressive strength ranges for various applications as described by ACI 
Committee 229 R (ACI, 1999) besides void/grout filling and conduit bedding are:
• backfill, excavatable: 0.3 to 2.1
• structural fill: 0.7 to 8.3
• pavement base: 2.8 to 8.3
3.3.2 Studies Published in Literature on CLSM
Several studies on laboratory trial mixes and reports on practical applications of 
CLSM using a myriad of constituents in varying proportions are recorded in literature. Table
3.2 shows mix designs and compressive strengths developed by various researchers or 
companies. Variables examined include flowability, water to cement (W:C) and water to 
cementitious materials (W:CM) ratios, curing conditions, hardening times, addition of non 
standard materials and compressive strengths developed at 28 days. Type 10 cement, regular 
Portland cement, is economical and commonly used in most reported mix designs (Naik and 
Ramme, 2000; Amon, 1990; Nantung and Scholer, 2000; Du et al., 2000; Folliard, 2003;
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Sullivan, 1997; and Naik and Singh, 1997). Clem et al. (2000) reported using type 50 cement 
for better sulphate resistance in a mix design selected to manufacture 70,000 cubic yards of 
flowable backfill as bedding for the Denver airport drainage pipes.
In any concrete or mortar product, strength increases with amount of cement and 
decreases as the W:C ratio increases (Kosmatka et al, 2002). Nantung and Scholer (2000) 
used Fly ash F with high W:C ratios of 6 to 8 and W:CM ratio of 0.16. They achieved 
strengths of 0.5 to 1.2 MPa (80 to 200 psi), with lower W:C ratio mixes achieving higher 
strengths. Du et al. (2002) used W/C and W:CM ratios of 7 to 10 and 1 to 2.5 and found that 
the increase in W:C ratio decreases strength and the use of Class C fly ash in a mix improves 
strength due its cementitious properties. In flowable fly ash slurry mixes used by the 
Wisconsin Electric as backfill for underground utilities as well as filling of old underground 
facilities, the W:C ratios are 10 and 14 respectively. These mixes contain 56 and 31% Class F 
fly ash and 0 and 31% sand respectively (Naik and Ramme, 1998).
Flowability, a core property of any CLSM that gives it self-levelling and self- 
consolidating characteristics, is dependent on the water added to a mix (Butalia et al., 2001). 
It increases with the water content but decreases with aggregate content (Dockter, 1998). 
Flowability is measured by the ASTM D 6103 method of using an open-ended cylinder, and 
a spread of at least 200 mm (8-inch) demonstrates “good flowability” (ACI, 1999). For W:C 
ratios of 6.9 to 15.00 in CLSM mix designs that included foundry sand, Naik and Singh 
(1997) reported flow spreads of 292 to 413 mm. Gabr and Bowders (2000) developed mixes 
with W:C ratios ranging from around 5 to 22 and obtained flow spreads of 179 to 1160 mm 
and hardening times of 150 to 1160 minutes. These authors mention that hardening times of a 
day or less would facilitate for the use of the CLSM in quick construction projects like 
pipeline foundations and utility trenches. In another study by Dockter (1998) on the use of 
Class C and dry scrubber fly ash in CLSM, zero cement mixes and mixes with W:C ratios of 
4 to 13.6 (and corresponding W:CM ratios of 0.4 to 1.36) were tried and results indicated that 
for mixes with no cement and mixes with W:C ratios of 12 to 13.6, hardening times were 
greater than 24 hours. The author observes that while water influences flowability, an 
“overdose” would create the problem of separation of solids from the fluid.
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




















































Class F 1556-1647 277-293 5.93-7.84 0.55-1.09









































Class F 0-85 297-685 6.9-15.00 0.27-0.62
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Butalia et al. (2001) examined the flowability and hardening of mixes containing flue 
gas desulfiirization material, and reported flow spreads between 203 and 330 mm for W:C 
ratios of 9.3 to 3.6, but long hardening times. They raised the cement content to shorten the 
hardening time to 24 hours or less and commented that other factors such as the 
environment’s effect on hydration of cement, nature of the non-standard material used, 
drainage around the flowable fill, ambient temperature and humidity would affect the initial 
setting time.
Curing conditions for CLSM vary from study to study, but a common observation 
was that since most CLSM have high water content, a heavy moisture-curing environment is 
unnecessary. Tikalsky et al. (2000) cured their CLSM mixes in plastic mold cylinders in an 
open-air, 20°C environment. Ayers et al. (2000) cured samples in a moist room, at 95% 
relative humidity and at 25°C that resulted in higher short-term compressive strengths. 
Folliard et al. (2003) investigated the effects of temperature and humidity on strength 
development and found that at higher temperatures of around 38°C, mixes containing fly ash 
C achieve higher strengths than at 28°C. They also suggest that laboratory-testing procedures 
be done at temperatures similar to those at field conditions. The long-term effects of a high 
moisture environment on strength and durability of a CLSM are yet to be investigated (Pierce 
et. al., 2002).
Very few studies conducted on CLSM mixes record the shrinkage, an important 
parameter when viewing the manufactured mix or mixes as unshrinkable flowable fill or as a 
filling material in voids where expansion would be desirable. High shrinkage values would 
affect the application of a CLSM as fill around a lightweight pipeline. Typical CLSM, 
according to ACI 229 R Committee (ACI, 1999), has an ultimate linear shrinkage of 0.02 to
0.05%. Naik et al. (1998) measured the shrinkage, in terms of settlement, of their high fly ash 
CLSM mixes that contained no cement or aggregate. The mixes manufactured using 
circulating fluidized bed boiler fly ash-bottom ash (A) exhibited an increase in length over 14 
days by a few millimetres while the other mixes made with the above fly ash and stoker-type 
boiler fly ash-bottom ash (B) in 50-50% and 25-75% contents respectively yielded 
settlements of 0.5 to 20 millimetres. The authors note that their mixes may be used in to fill 
old tanks and abandoned tunnels where a “complete and tight fill” is required. In another 
study by Naik and Singh (1997), the settlement for all mixes, details of which are given in
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Table 3.2, was below 18 mm, and decreased with decrease in water content. A flowability of 
279 mm was found to result in settlements on 3mm or less.
The use of non-standard materials and their effects, beneficial or otherwise, on the 
resulting CLSM characteristics is also recorded in literature. The ACI Committee 229R
(1999) states that the use of standardized materials that meet ASTM or other requirements is 
not always necessary as long as the required characteristics are brought out in the resulting 
mix. Ramme (1997) also states that non-standard materials may be used in CLSM when the 
materials are tested and proved to satiate the intended application. CLSM mixes containing 
fly ash Class F and chemically bonded foundry sand were demonstrated by Tikalsky et al.
(2000) to be suitable for application as excavatable base material and flowable fill. Foundry 
sand was an advantage in helping keep the strength within the desired limit of 700 KPa and 
the bleeding problems associated with use of this sand was overcome by adding fly ash. Du 
et al. (2002) conducted a detailed study on 31 CLSM mixes to find the effect of constituent 
materials on water demand and compressive strengths. The authors used type 10 cement, 
Class C, F and high carbon fly ashes, and three kinds of fine aggregates: concrete sand, 
foundry sand and bottom ash from a plant that produces Class C fly ash. Mixtures that 
contained bottom ash showed heavy water bleeding while those containing foundry sand 
showed very little bleeding. Fine aggregates and high carbon fly ash greatly influenced water 
demand compared to other constituents, with water demand going as high as 600 kg/m3. 
Mixtures that contained concrete sand, Class C fly ash and high cement content (60 kg/m3) 
exhibited the highest 28-day compressive strengths of 1.09 to 4.90 MPa. Foundry sand was 
found to decrease compressive strength. Naik and Singh (1997) reused foundry sand to make 
various CLSM mixes and their results showed that with increasing foundry sand levels up to 
around 70%, the compressive strengths also increased. Butalia et al. (2001) demonstrated that 
flue gas desulphurization (FGD) ash, an alkaline spray dryer ash generated by an industrial 
boiler, could be used to replace fly ash in CLSM and be used as an economical flowable fill 
for various applications. Their initial mixes took almost a week to harden. The authors then 
modified the initial mixes by adding 1.3 to 5.9% admixture and 6 to 10% of type 10 cement 
to achieve reduced hardening times to less than a day while maintaining the minimum 
flowability spread. Clarke and Coombs (1996) underline the importance of correct 
specifications of non-standard material in their paper about using pulverized fuel ash (PFA),
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a particulate material, to manufacture non-structural CLSM. The authors also note that with 
increased distance from source, the cost of waste products, like any material increases. Thus 
using locally available industries’ waste materials would be a practical choice. Katz and 
Kovler (2004) recycled industrial by products in CLSM mixtures. Cement kiln dust (312 to 
1022 kg/m3), asphalt plant dust (517 to 1089 kg/m3), coal fly ash (519 to 951 kg/m3) and coal 
bottom ash (900, 920 kg/m3) were mixed with Type 10 cement (50 to 100 kg/m3), water (297 
to 457 kg/m3), and quarry waste (1047 to 1108 kg/m3) or crushed sand (426 to 1467 kg/m3). 
Mixes containing fly ash and crushed sand showed hardening times of around 15 hours while 
those with cement kiln dust and asphalt dust exhibited higher setting times of around 18 to 
160 hours. Compressive strengths developed by 28 days varied with constituent proportions. 
Mixes made with fly ash developed strengths between around 2.5 and 7.5 MPa. Asphalt dust 
containing mixes showed the lowest strengths, at around 1.5 to 4.5 MPa. The authors 
mention that large amounts of inert waste like asphalt dust might hence reduce the strength 
and aid in maintaining excavatability characteristics of a CLSM mix. Some of their asphalt 
mixes with 28-day strengths below 2.1 MPa may be used as excavatable backfill, a 
replacement of compacted soils. The National Research Council (NRC) of Canada, in its 
report on utility cuts, (NRC, 2002) has allowed the use of up to 25% of recycled or reclaimed 
material such as reclaimed asphalt pavement in backfill to a trench.
While technical and economic factors influence the type of CLSM selected for any 
application (Naik and Ramme, 2000), one of the major advantages of using CLSM is the 
reduced cost owing to its lower cement content than that of regular concrete and its self 
levelling and self consolidating characteristics. The use of by products in CLSM mixes 
promotes the sustenance of mined materials (Naik and Ramme, 1998). Clem et al. (2000) 
describes the elimination of sheeting and shoring in pipeline work at the Denver International 
Airport, since workers don’t have to enter trenches to compact the bedding material made of 
flowable fill. Amon (1990) reports that in the US, CLSM costs approximately two-thirds to 
three-fourths the cost of regular concrete. Flowable fill can be placed around six times faster 
than compacted conventional fill and be placed in areas with restricted access, resulting in 
big savings in labour costs and time (Sullivan, 1997). However, without adequate protection, 
CLSM should not be used for above grade applications since it does not have freeze thaw and 
abrasion exposure resistance (Naik and Ramme, 2000). Also, until the CLSM hardens, it
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needs to be protected from foot traffic (Clem et al., 2000) to avoid “a quick sand hazard from 
accidental entry” (Naik and Ramme, 1998). Quick set concrete may be used to offset the 
slow setting time of most CLSM mixtures. The hydrostatic pressure created by each lift of 
flowable fill warrants precaution (ACI, 1999 and Sullivan, 1997).
3.4 MATERIALS
The materials used in any controlled low strength material mixture can be selected 
based on several factors such as availability, cost, application, and characteristics like 
flowability, strength, excavatability and density (ACI, 1999). In this study, the materials used 
to manufacture CLSM mixtures were sludge a local precast concrete industry, Portland 
cement type 10, fly ash class Cl (Calcium Oxide content of 8 to 20%), sand as fine aggregate 
(fineness modulus of 2.55) and gravel as coarse aggregate (size % in).
The sludges generated at Precast Systems Incorporated (PSI) located in Windsor, 
Ontario, were from two sources: slab cutter cooling and mixer tank wash water, and are 
called sludge 1 and sludge 2 respectively. All other materials were readily available at the 
precast concrete industry’s work site and hence the natural choice of material.
3.5 EQUIPMENT AND INSTRUMENTS USED
The various equipment and instruments used in this study are shown below:
• Analytical Balance (Mettler AE163, USA)
• Hot air oven (Fisher Scientific Isotemp Oven, USA)
• Dessicator (Boekel box type, USA with anhydrous calcium sulphate drying agent)
• Dough mixer, 12.5 L capacity (Phillips, USA)
• Weighing Scale (Toledo, USA)
• Vicat needle apparatus
• Digital micrometers (Fowler digital indicator, Kelso Tooling Service, Canada)
• Cylinders with diameter X height of 4 X 8 inches (M. & L. Testing, Canada)
• Riehle compression testing machine
• Sieve shaker (CSC Scientific Company Inc., USA).
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3.6 METHODS
The Table 3.3 presents parameters considered and the methods used to quantify them. 
A more detailed explanation of the methods tabulated is given as well in sections 3.6.1 to
3.6.10.




3.6.1 Total Solids, % Method 2540G 
(APHA, et. al., 1998)
3.6.2 Available Lime Index, %CaO ASTM Method C25 
Test no. 28
3.6.3 Calcium Carbonate Equivalent, % CaCC>3 ASTM Method C25 
Test no. 33
3.6.4 Test for sieve or screen analysis of fine and coarse 
aggregate (dry)
ASTM C 136
3.6.5 Test method for flow consistency of controlled low 
strength material
ASTM D 6103
3.6.6 Segregation ACI 229R (1999)
3.6.7 Time of setting of hydraulic cement by Vicat needle ASTM C 191-Ola
3.6.8 Test method for unit weight, yield and air content 
(gravimetric) of controlled low strength material
ASTM D 6023
3.6.9 Test method for drying shrinkage of mortar 
containing hydraulic cement
ASTM C 596-01




In the total solids analysis, the samples were measured in triplicate using graduated 
cylinders and poured in weighed evaporating dishes and dried in a hot air oven at 103-105°C 
overnight. They were then cooled in a dessicator and weighed using an analytical balance. 
The per cent solids was calculated as per APHA et al. (1998) method for solid and semi-solid 
samples, as given below:
+ r j  (A -B )*100Per cent solids =  ------- --------
C -B
Where
A is the weight of dried residue and dish, mg 
B is the weight of dish, mg 
C is the weight of wet sample and dish, mg
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The total solids for the sludges were conducted on samples before and after gravity 
settling in containers for a day.
3.6.2 Available Lime Index
The available lime index (ALI) analysis in terms of percent calcium oxide (CaO) was 
done to assess the available lime in a sample. The sample was dried and powdered to pass 
through a No. 50 (U.S.) sieve. A 2.804 g weight of this sample was dispersed with water and 
solubilized by a reaction with sugar to form calcium sucrate, determined titrimetrically with a 
standardized acid and indicator. Analytical grade sucrose, sodium carbonate, hydrochloric 
acid and phenolphthalein indicator purchased from VWRCanlab, Canada were used.
3.6.3 Calcium Carbonate Equivalent
The calcium carbonate equivalent (CCE) analysis is akin to the alkalinity 
determination of the APHA, et. al. (1998) and measures the neutralizing ability of a test 
material by titration with a standardized acid, using indicators. The sample was dried and 
powdered to pass through a No. 60 (U.S.) sieve. A 3.40 g weight of this sample was 
dissolved in acid and titrated. Analytical grade sodium hydroxide, hydrochloric acid and a 
mixed indicator of bromocresol green-alizarin red purchased from VWRCanlab, Canada 
were used.
3.6.4 Particle Size Distribution
A sieve analysis was performed according to ASTM C 136. The sludges were dried in 
a hot air oven overnight at a temperature of 103 -105°C. Triplicates of 500g of sample were 
taken for analysis using sieves of U.S. sizes 16, 20, 30, 40, 50, 100, 200 and a sieve shaker 
(CSC Scientific Company Inc., USA).
3.6.5 Flow Consistency
A 3 X 6 inch open-ended cylinder was used in this test (ASTM D 6103). The cylinder 
was kept on a non-pervious surface, sludge poured into it and levelled off, and then the 
cylinder quickly lifted up. The sludge formed a patty, whose diameter was recorded. Good 
flowability was produced when there was no noticeable segregation and the CLSM material 
spread was at least 200 mm in diameter, according to ACI 229R (1999).
3.6.6 Segregation
Upon formation of the patty for the flow consistency test any mixes that produced 
visible segregation were reported as such and excluded from further testing.
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3.6.7 Time of Setting
A Vicat needle apparatus was used for these tests. The final time of setting was when 
the Vicat needle could not penetrate the specimen kept in a specially made small open-ended 
container over an impervious surface. A hardening time of less than a day is normal for a 
typical CLSM.
3.6.8 Unit Weight
The unit weight or density was computed by following the steps outlined in ASTM C 
29 and D 6023. A measure (container) was calibrated according to ASTM C 29: the volume 
V of the measure was calculated by dividing the mass of water required to fill it, by its 
density. The factor for the measure was given by 1/V. Then ASTM D 6023 is followed: the 
same measure was filled with the sludge. Gross mass was measured, after strike off and 
cleaning of surface. The mass of CLSM was calculated by subtracting mass of measure from 
gross mass. Density W was calculated by multiplying the mass of CLSM by calibration 
factor (1/V).
3.6.9 Shrinkage Test
To determine the drying shrinkage, as a change in length, due to hydraulic cement in 
a mortar mix, ASTM C 596-01 was followed. The same test can be applied to representative 
mortar mixes to determine the drying shrinkage of hydraulic cement in concrete mixes. 
CLSM samples were prepared using molds of dimensions specified in this test. Digital 
micrometers (Fowler digital indicator, Kelso Tooling Service, Canada) were used to measure 
change in length. Readings were taken daily for a month’s time. Length change at any age 
was calculated as:
L = [(Lx -  Lj)/G] * 100 
Where
L = change in length at x age, %
Lx = reading of specimen at x age, mm 
Lj = initial reading of specimen, mm 
G = nominal gage length, mm
3.6.10 Testing of Cylinders for Compressive Strength
Preparation of test cylinders and testing for 7, 14, 21 and 28-day strengths was 
conducted according to ASTM D 4832. Cylinders of size 4 X 8 in (M. & L. Testing, Canada)
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were coated with separating oil. CLSM mixes were poured into the oiled cylinders, with 
duplicates for each mix and testing date. Cylinders were externally vibrated for one minute 
using a table vibrator. Since the CLSM was already over saturated with water, curing was 
done in the regular laboratory at an ambient temperature of around 20 °C. Cylinder molds 
were closed tightly with plastic sheet underneath the lid of the cylinder molds to prevent 
moisture loss. Compression tests using a Riehle compression testing machine was carried out 
at 7, 14, 21 and 28-day intervals. All tests were done in duplicate.
3.7 EXPERIMENTS
The experiments and analyses were carried out in four main steps:
1. characterization of the sludges
2. mix proportioning
3. testing for engineering properties
4. cost analyses
The experiments, described in sections 3.7.1 to 3.7.4 below, were carried out in triplicate 
except where indicated.
3.7.1 Characterization of Sewage Sludge and Pre Cast Concrete Industry Sludges
A minimal removal of water from the sludges was carried out by allowing the sludges 
to settle by gravity in storage containers for a day and decanting the supernatant formed. 
Characterization parameters were total solids, calcium carbonate equivalent and available 
lime index for both sludges.
3.7.2 Mix Proportioning
The mixes in the current study were designed based on the ACI Committee 229 R 
(1999), guidelines and the National Research Council (NRC, 2002) unshrinkable backfill 
mix. The studies conducted aimed at utilizing the cementitious properties, water content and 
aggregate content of the sludge. Economic feasibility was factored in by designing mixes that 
would limit their cost to less than $90 per m3 of mix, since that is the cost of a locally 
available CLSM. The four basic designs were:
DESIGN 1: sludge and fly ash
DESIGN 2: sludge, fly ash, cement
DESIGN 3: sludge, fly ash, cement, and fine aggregate
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DESIGN 4: sludge, fly ash, cement, fine aggregate and coarse aggregate 
The proportions of constituents of these basic designs were varied, in the ranges given 
below, to evaluate the effect on engineering properties of the resulting products.
■ Water: 435 to 900 kg/m3 (sludge 1) and 200 to 730 kg/m3 (sludge 2)
■ Fly ash Class Cl: 80 to 810 kg/m3
■ Cement Type 10: 25 to 240 kg/m3
■ Sludge solids: 162 to 222 kg/m3 (sludge 1) and 115 to 390 kg/m3 (sludge 2)
■ Fine aggregate: 900 to 1085 kg/m3
-J
■ Coarse aggregate: 1100 kg/m
Different water to cement ratio (W:C) and water to supplementary cementitious 
materials ratio (W:SCM) were examined. The addition of pozzolonic fly ash Class Cl was 
intended to aid in strength gain, while lowering costs as a partial cement substitute. The raw 
materials mixes were weighed using a large capacity scale. Mix proportioning was computed 
by the absolute volume method (Kosmatka et al., 2002). CLSM batches were mixed using a 
dough mixer of capacity 0.0125 m3, for a 4-minute mixing period. Tables 3.4 to 3.7 present 
the mix proportions developed for this study. ‘Solids’ refers to the solids in the sludges.
Table 3.4: CLSM Design 1 for Sludge 1 and Sludge 2
No. Constituent
Sludge 1 Sludge 2
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Table 3.5: CLSM Design 2 for Sludge 1 and Sludge 2
No. Constituent
Sludge 1 Sludge 2




































Table 3.6: CLSM Design 3 for Sludge 1 and Sludge 2
No. Constituent
Sludge 1 Sludge 2
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The prepared CLSM mixes were tested for engineering properties of flowability, time 
of hardening, density, segregation, shrinkage and compressive strength as per procedures 
explained in Section 3.4.
3.7.4 Cost analyses
The costs of the mixes in terms of material input were determined based on local 
market prices of the constituents used in the controlled low strength material mixes.
3.8 RESULTS AND DISCUSSIONS
3.8.1 Characterization Analysis
The characterization results are presented in Table 3.8. One of the major constraints 
of the sludge that hinders its beneficial reuse or recycling is the extraneous amounts of water 
in it. In order to beneficially reuse or recycle the sludge, some of the water has to be removed 
by means of thickening or dewatering. A minimal removal of water by allowing the sludge 1 
to settle by gravity in their storage containers for a day and decanting the supernatant formed 
yielded a 7% and 6.5% average increase in solids from the original average solids 
concentrations in the sludges 1 and 2. The sludge 1 is produced from the blade cutting 
operation while sludge 2 originates from the mixer tank wash down process.
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Table 3.8: Characterization of Sewage Sludge, and Sludges
















CCE, % CaC03 18.7511.36 20.2010.86 45.00* 6.00*
ALI, % CaO 0.2710.055 6.8611.37 > 8.00** < 8.00**
NR- Not Reported
+Values from current study are averages of triplicate samples ± standard deviation
*Clark, et. al. (2001)
**Canadian Standards Association (CSA) A23.5
The calcium carbonate equivalent (CCE) and available lime index (ALI) analyses 
were examined in comparison with values reported in other studies or standards to assess the 
cementitious property of sludges 1 and 2. The calcium carbonate equivalent of sludge 1 and 2 
are similar and indicate an almost equal ability by both sludges to neutralize a material. 
However, the available lime indices of sludge 1 and 2 differ significantly, at 0.27% and 
6.86% per cent calcium oxide respectively. Normally, unhydrated Class C and Class F fly 
ashes have calcium oxide contents of above 8% and below 8% respectively (CSA A23.5 
specifications). A type 10 Portland cement has around 1.22% of free lime (CSA A5-98 
specifications). The ALI of sludge 1 at 0.27% is low indicating that hydration has occurred 
and is almost complete leaving the sludge with little available calcium to contribute to 
cementitious properties and form concrete. Sludge 1 is hence not deemed a cementitious 
material; rather it would contribute to the water and fine aggregate content of a concrete or 
mortar mix, two important properties aiding in high slump or flowability. The high water 
content also would lower the strength of a concrete material (Kosmatka et. al, 2002) in which 
it would be used. These properties would be a benefit in controlled low strength materials 
(CLSM), which are marketable flowable low strength concrete or mortar products. Sludge 2 
however has more available, unhydrated lime to be used as a cementitious material aid and 
11% less water than sludge 1. The water content in both sludges would be useful to enhance 
flowability of CLSMs.
Sieve analysis results are indicated in Table 3.9 below. From the particle size test 
results, sludge 1 is seen to contain mainly dust-like fines that pass through the U. S. 200
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number sieve. Sludge 2 is however comprised of a variety of sizes, half being in the 0.84 to 
1.19 mm size range.
______________ Table 3.9: Sieve Analysis of Dry Sludge Solids________________
Sieve no. Grain diameter, mm Sludge 1: Percent retained (%)
Sludge 2: 
Percent retained (%)
16 1.19 3.258 18.14
20 0.84 1.534 50.33
30 0.60 2.406 20.55
40 0.43 2.560 3.17
50 0.30 2.510 5.82
100 0.15 4.452 1.79
200 0.08 7.876 0.12
Base 0.08 74.924 0.09
3.8.2 Engineering Properties of the Sludges
3.8.2.1 Flow Consistency
Flowability was found to be high in all mixes except those containing coarse 
aggregates. Patties formed after conducting the open-ended cylinder test according to 
ASTMD 6103 varied from 8 to 11 inches in diameter for all sludge 1 and 2 mixes. Due to the 
immediate visible segregation observed in design 1 mixes (sludge and fly ash) of both 
sludges and design 2 mixes (sludge, fly ash and cement) of sludge 1, flowability results for 
these mixes are not shown. Figures 3.1 to 3.4 show flowability as a function of fine particles 
(sludge solids and fly ash) as well as W:SCM (water to supplementary cementitious materials 
ratio).
Figure 3.1 shows the design 3 mixes (sludge, fly ash, cement and sand) made using 
sludge 1, the slab cutting-blade cooling sludge. This figure shows that flowability is 
influenced more by cement content than by the fines of sludge solids and fly ash. A decrease 
in all cementitious materials between mixes 3, 2 and 1 corresponds to an increase in 
flowability. Mixes 2, 4 and 5 contain the same sludge solids and fly ash contents but produce 
different flowabilities. This is due to their varying cement contents: and the trend seen 
between these mixes is that the higher the cement content, the lower the flowability. Mix 5 
contains the highest amount of cement and exhibits the lowest flowability, although the mix 
contains the same amounts of sludge solids and fly ash as mixes 2 and 4. Upon examination
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of water to cementitious material ratios of each mix, depicted in Figure 3.2, water content 
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Figure 3.2: Flowability as a Function of W:SCM in Sludge 1 Design-3 Mixes
For mixes manufactured using sludge 2, the flowability plots of the design 2 and 4 
show that the sludge solids and fly ash fines influenced flowability. In Figure 3.3 the
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flowability steadily increases as the amount of fines increase, for both design 2 and 4 mixes. 
Figure 3.4 demonstrates that the design 3 mixes show a decrease in flowability with an 
increase in water content. Mixes 2, 4 and 5 of design 3 contain the same amounts of sludge 
solids and fly ash and yet their flowabilities differ. As with the design 3 sludge 1 mixes, 
flowabilities are influenced by the cement and water content.
£  800 u>
<  700
i l  600 






A Design 2 mixes 
•  Design 4 mixes
180 205 230 255 280
Flowability, mm
305 330
Figure 3.3: Flowability as a Function of SCM in Sludge 2 Design 2 and 4 Mixes
Flowability, mm
Figure 3.4: Flowability as a Function of W: SCM in Sludge 2 Design-3 Mixes
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3.8.2.2 Segregation
Segregation of water and fines was visibly observed in mix design 1 of both sludge 1 
and 2 and also in mix design 2 of sludge 1. The segregation was further tested by cutting the 
finished cylinders into three sections of equal lengths, and weighing each section. A 
considerable difference in weights of each part of a cylinder meant that settling had occurred 
(a heavier middle and bottom section). These mixes were excluded from further testing.
3.8.2.3 Time of Setting
The design 1 mixes of both sludge 1 and 2 exhibited hardening times of more than 24 
hours and were excluded from further testing. The time of hardening of design mixes 2 and 3 
for sludge 1 varied from 6.2 to 9.2 hours. For the design mixes 2, 3, and 4 of sludge 2, the 
hardening times varied between 5.8 and 10.7 hours. Figures 3.5 and 3.6 represent the time of 
hardening as a function of the water to cement (W:C) and water to cementitious 
materials(W:SCM) ratios for sludges 1 and 2. The values plotted are results from tests 
conducted in duplicate.
The addition of fly ash did not lengthen the hardening time significantly, as can be 
seen from the mixes having the same W:C ratio of 6.0 but varying W:CM ratios. Mixes with 
W:SCM ratio nearing 3.0 and W:C ratios around 6.0 or higher had longer hardening times 
than mixes with lower W:SCM ratios, indicating that a decrease in water content and/or a 
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Figure 3.5: Time of Hardening as a Function of W:C and W:SCM for Sludge 1 Mixes
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Figure 3.6: Time of Hardening as a Function of W:C and W:SCM for Sludge 2 Mixes
3.8.2.4 Unit Weight
Densities of the sludge 1 mixes ranged from 1342.27 to 1924.53 kg/m3. Densities of 
the sludge 2 mixes ranged from 1412 kg/m for high fly ash mixes with no aggregates, to
•3 t
2932 kg/m for mixes that had aggregates. While a wet density of normal CLSM in place is 
in the range of 1840 to 2320 kg/m3, a CLSM mixture of only fly ash, cement, and water 
would have a density between 1440 to 1600 kg/m3 (ACI, 1999). Most of the mixes made 
from sludges 1 and 2 possessed densities within ranges reported by ACI (1999), with the 
mixes containing aggregates being denser.
3.8.2.5 Shrinkage
The shrinkages were found to be higher than the ultimate linear shrinkage of 0.02 to 
0.05%, that of typical CLSM according to ACI 229 R Committee (ACI, 1999), but the 
shrinkage tests were conducted over a period of one month and would not represent the 
ultimate linear shrinkage. A continued shrinkage testing over a period of one year would 
allow for more information on this parameter to compare with ACI-229R (ACI, 1999) 
guidelines on shrinkage of a CLSM. Shrinkages varied from 0.145 to 3.409% for sludge 1 
mixes and 0.005% to 3.409 for sludge 2 mixes and are shown in Table 3.10.
It was seen that for sludge 1 mixes, as the fines content (cementitious or partially 
cementitious particles of cement, sludge solids and fly ash) increased, the shrinkage over a 
one-month period increased as well. For the design 3 (cement, sludge, fly ash and sand) 
sludge 1 mixes, with the same cement (73 kg/m3) and sludge solids (108.75 kg/m3) content
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but varied fly ash contents (80 to 120 kg/m3), the shrinkage increased with fly ash content. A 
similar trend was observed in the corresponding design 3 sludge 2 mixes. The slightly higher 
values of shrinkage in sludge 2 mixes may be attributed to the more cementitious property of 
the solids in sludge 2, which may have increased the shrinkage due to hydration. All other 
factors being kept the same during the shrinkage testing of both sludges, except for the 
sludge solids content, it may be assumed that the sludge 2 solids contributed to an increased 
shrinkage. At the lowest W:C ratio of 4.4, one each of the design 3 and design 4 mixes 
produced the highest one month shrinkages, of 2.8 and 3.4 % respectively.
3.8.2.6 Compressive Strengths
The compressive strengths of sludges 1 and 2 are depicted in Figures 3.7, 3.8 and 3.9. 
Plotted values were average from duplicate tests. Cement was deemed a necessity after the 
failure of design 1 mixes in hardening within 24 hours, indicating that both sludge 1 and 
sludge 2 are not cementitious enough to harden and gain strength. Reducing the water to 
cement ratios increased strength although it affected the flowability. Adding fly ash helped 
gain strength, proved by the increase in strengths gained by the first three mixes of design 3 
that had the same cement (73 kg/m3) and sludge solids (108.75 and 250 kg/m3 for sludge 1 
and 2 respectively) contents but varying fly ash contents (80 to 120 kg/m3). Sludge 1 design 
3 mixes achieved strengths of 1.098 to 2.155 MPa after 28 days. The corresponding sludge 2 
design 3 mixes behaved similarly, strengths slightly higher, and ranging between 1.12 to 
2.68 MPa. These comparative results in design 3 mixes of both sludges show that sludge 2 
exhibited a higher cementitious property than sludge 1 by developing higher compressive 
strengths. However, the difference is not large. The sludge 2 design 2 mixes resulted in 
strengths of 4.85 and 5.10 MPa, while design 4 mixes developed 28-day strengths of 0.42 
MPa and 1.56 MPa. The first design 4 mix of sludge 2 is comparable to the NRC (NRC, 
2002) unshrinkable backfill mix, in terms of the limited strength developed, allowing for 
easy excavation, and mix constituents.
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Figure 3.8: Compressive Strengths of Sludge 2 Design 3 CLSM
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Figure 3.9: Compressive Strengths of Sludge 2 Design 2 and 4 CLSM
3.8.3 Cost Analysis and Applications
Reusing sludge 1 and 2 into their respective CLSM mixes contributed to part of the 
fine aggregate and eliminated the need for water. The partly cementitious particles of the 
sludges contributed slightly to the compressive strengths. The addition of fly ash increased 
the strengths gained, while further lowering costs as cement substitute. Table 3.10
•j
summarizes the costs per m of CLSM mix produced using sludge 1 and sludge 2 and 
important properties of the mixes. Costs range between $33 and $60 per m3 of mix. While the 
precast concrete industry taken as a case study already had settling tanks, in industries where 
such a facility does not exist must incorporate the cost of a settling tank as well. From 
Chapter 2 of this thesis, it was estimated that a settling tank would cost around $137000. This 
capital cost would add to material costs.
The mixes designed using sludges 1 and 2 can be utilized for various purposes. The 
applications of sludge 1 Design-3 mixes are trench backfilling, void filling and grouting, as 
are the Design-2 and Design-3 mixes of sludge 2. However, one-month shrinkage of Design- 
3, mix # 5 for both sludges was high, as was that of the Design-4, mix #2 made from sludge
2. For the same costs, sludge 2 developed slightly higher strengths than sludge 1 in Design-3 
mixes. Shrinkage values and hardening times were similar.
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Cost per m3 
of mix, $
SI, D3 
#1 266.70 9.2 0.140 1.098 42.0
#2 248.92 8.1 0.165 1.468 44.0
#3 215.90 7.7 0.191 1.960 46.0
#4 228.60 6.5 0.223 1.994 47.0
#5 208.28 6.2 3.409 2.155 51.0
S2, D3
#1 297.18 8.0 0.121 1.122 42.0
#2 266.70 7.5 0.149 1.659 44.0
#3 259.08 7.1 0.175 2.119 46.0
#4 254.00 6.0 0.199 2.310 47.0
#5 215.90 5.8 2.840 2.679 51.0
S2, D2
#1 304.80 10.7 0.705 4.846 58.0
#2 243.84 8.0 0.618 5.103 60.0
S2, D4
#1 198.12 10.0 0.005 0.418 34.0
#2 220.98 9.1 3.000 1.564 55.0
SI -  Sludge 1, S2 - Sludge 2, D -  Design, # - Mix number 
All values averages of duplicate tests 
* One-month shrinkage 
**28 day compressive strengths
Of the two sludge 2 Design-4 mixes, the first mix is comparable to the NRC mix for 
unshrinkable excavatable backfill, with a low shrinkage but long hardening time. It is also 
considerably cheaper than cost of locally available NRC backfill mix, $90 per m3 of mix. The 
second Design-4 mix may be used for structural fills, as it contains coarse aggregate although 
higher in costs.
3.9 CONCLUSIONS
It is demonstrated that the sludge 1 and 2 can be reused to produce controlled low 
strength material instead of being land disposed. The following conclusions were drawn 
from this study:
■ Water available in both sludge 1 and 2, 70% and 64% by weight, contributed to the 
full mixing water requirements of a CLSM mix
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■ Water in the sludges achieved good flowability, except in those mixes with coarse 
aggregate
■ Sludge 1, generated from slab cutting, reduces the amount of fine aggregate to be 
added to a CLSM mix
■ Sludge 2, the mixer tank wash water, contributes to the cementitious properties of 
flowable concrete or mortar products and is similar to fly ash
■ Cement is needed in the CLSM mixes prepared from the sludges as seen from the 
failures of Design-1 mixes which contained no cement
■ Sludge 2 mixes developed higher strengths than sludge 1 mixes
■ Lower water to cement ratio increases strength, reduces hardening time but lowers 
flowability
■ Adding coarse aggregate lowers flowability and increases costs
Overall, the potential for the economical and environmentally beneficial reuse of 
sludge 1 and sludge 2 are very high. By being able to be reused in the manufacture of 
marketable products, the sludges can be put to beneficial use and hence provide an 
environmentally sustainable option for the industry besides truing waste into an economical 
asset. This project is viewed as a big step forward into resolving waste management issues on 
site for ready mix and precast concrete industries with economic returns as an added 
advantage.
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4 ALKALINE STABILIZATION OF SEWAGE SLUDGE 
USING PRE CAST CONCRETE INDUSTRY SLUDGE
4.1 INTRODUCTION
Sewage sludge stabilization is a treatment intended to destroy pathogens (disease 
causing organisms), immobilize heavy metals, reduce vector attraction and odors and bring 
the sludge to a manageable form (USEPA, 2000). The treated sludge, or ‘biosolids’, may 
qualify to be used as agricultural lime, topsoil or fertilizer with nutrient value (Logan, 1999). 
Alkaline treatment by means of using an alkaline agent, with or without heat, is one of the 
many stabilization processes used to treat municipal sludge. Alkaline waste products from 
the concrete industry, called sludge in this study, may be considered as potential alkaline 
stabilizing agents. A typical alkaline stabilization agent is required to raise the pH of sewage 
sludge to above 12 for 72 hours with the aid of other alkaline agents or solely (NRC and 
FCM, 2005 and USEPA, 2003). Production of heat is an added benefit achieved by some 
alkaline agents like quicklime.
The use of other alkaline agents used to stabilize municipal sludge has been 
recorded: cement kiln and lime kiln dusts (Welacky, 1991, Burnham, 1991 and Dinel et. al, 
2000), coal fly ash (Wong, et. al, 2001), and other coal combustion by-products like 
pulverized fuel ash are being used frequently now (Kriesel, et. al, 1994, Poon and Boost, 
1996 and Logan, 1999). The sludge from a mixer tank wash water operation is similar to a 
low level lime in terms of available calcium oxide contents, with pH values were typically 
higher then 11 (Pistilli, et. al., 1975). While no studies were found on the use of sludges as 
alkaline stabilizing agents, this study attempted to harness the highly alkaline property 
(Sealy, et. al, 2001) of the concrete wastes in raising the pH of sewage sludge and stabilizing 
it by reducing pathogen numbers and immobilizing heavy metals as required by Canadian 
regulations or guidelines (MOE and MAFRA, 1996 and NRC, 2003).
4.2 OBJECTIVES
The main aim of this study is to determine whether the sludge produced from a 
precast concrete industry can be used as an alkaline agent to stabilize municipal sewage 
sludge and produce biosolids that would satisfy Canadian regulatory guidelines, for its 
beneficial reuse on land.
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The scope of this study was done as follows:
• Characterize the sludges produced by PSI to determine if they would qualify as 
alkaline stabilizing agents
• Determine mix proportions of sludge, sewage sludge and additional alkaline 
agents (if needed) that would satisfy alkaline stabilization conditions stipulates in 
Canadian regulations
• Analyse the bacteriological (fecal coliform) characteristics and heavy metal 
content of the selected mixes, after stabilization, to compare with regulatory limits
• Examine the time trend of fecal coliform reduction as indicators of pathogen 
reduction in the selected mix ratios
• Analyse the nutrient value of the product obtained after stabilization as a measure 
of its marketability
4.3 REGULATORY FRAMEWORK
Regulations specify how various stabilization processes are done and govern the 
quality of the biosolids, which fall into two categories: heavy metal limits, and pathogen 
reduction requirements. The limits specified in ‘ranges’ of values that govern the 
classification of a treated biosolids. This is explained in detail in the following sections.
4.3.1 Canadian Regulations
In Canada, the application of biosolids (treated sewage sludge) and other wastes to 
agricultural land must conform to the Ministry of Environment’s (MOE) Environmental 
Protection Act (EPA). The province of Ontario follows the EPA Regulation 347 for heavy 
metals limits of land-applied biosolids, listed in the guidelines (MOE and MAFRA, 1996) to 
this regulation. No alkaline stabilization treatment techniques or pathogen reduction criteria 
are given in the Ontario Regulation 347 Guidelines. The National Research Council (NRC), 
Canada and Federation of Canadian Municipalities (FCM) have published a best practice 
guide entitled ‘Quality Management for Biosolids Program’ (NRC and FCM, 2005). This 
document provides a report on biosolids management options in Canada while referring to 
USEPA criteria and providing equivalent categories of biosolids, treatment processes, metal 
and pathogen limits. It categorizes biosolids into three types: Category 1, Category 2 and 
Category 3 that correspond to the United States Environmental Protection Agency (USEPA)
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biosolids classification of Exceptional Quality (EQ), Class A and Class B. Accepted methods 
of stabilizing municipal sewage sludge, the type of biosolids produced and their possible uses 
are reported in Table 4.1. The alkaline stabilization with heat treatment (‘heat and high pH’) 
may be used to yield a Category 1 or 2 biosolids, whereas alkaline (Time’) stabilization alone 
is acceptable as a treatment to produce Category 3 biosolids (NRC, 2003 and NRC, 2005). 
The pathogen reduction level requirements of Category 1 and 2 are the same while that of 
Category 3 is less stringent as shown in Table 4.2. However, all three categories differ in the 
maximum allowable heavy metal levels, with Category 1 being the most stringent of all. The 
Table 4.3 lists the heavy metals and ceiling limits in the Regulation 347 (MOE and MAFRA, 
1996), and the NRC Biosolids Best Practice Guide (NRC and FCM, 2005). In Canada, the 
NRC limits are guidelines but the Regulation 347 is authoritative legislation. There is no one 
compiled act or regulation bringing together stabilization techniques, heavy metal limits, and 
pathogen and vector attraction reduction criteria in Canada, unlike in the USA.
4 .3 .2  U S A  R egu la tion s
The USEPA Code of Federal Regulations (CFR), Title 40 Part 503 (USEPA, 2003) 
clearly states heavy metals and pathogen reduction criteria for three classes of biosolids: 
Exceptional Quality (EQ), Class A and Class B. The Tables 4.1, 4.2 and 4.3 indicate these 
guidelines. The CFR-40 Part 503 also mentions that the permitting authority can determine if 
any process is the equivalent of a Class A yielding treatment technique and allow it be 
practiced, as long as the requirements for pathogen reduction for a Class A biosolids are 
consistently met.
Additionally, the National Research Council, Canada (NRC, 2003 and NRC and 
FCM, 2005) and USEPA (USEPA, 2003) specify vector attraction reduction (VAR) to be 
accomplished by maintaining the sewage sludge at pH>12 at 25°C, for >2 hours, and then 
pH>11.5 for 22 more hours without adding additional alkaline material. VAR is defined as 
the mitigation of attraction of biosolids to fleas, mosquitoes, flies, rodents and birds, which 
may transmit diseases (NRC, 2003). These are for Category 1 and 2 (or USEPA Exceptional 
Quality and Class A) treatments. There is no vector attraction reduction method specified for 
Category 3 (or USEPA Class B). The vector attraction reduction requirement is usually 
achieved during the course of the alkaline stabilization treatment itself.
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Table 4.1: Acceptable Stabilization Alternatives and Uses of Biosolids Produced
Biosolids Type and Stabilization Alternatives Uses
'Category 1 
Exceptional Quality
Composting, in vessel 
windrow, heat drying, heat 
treatment, thermophilic aerobic 
digestion, pasteurization, heat 
and high pH, other processes that 
meet specific time-temperature 
relationships
Unrestricted use: sale to 
public as bagged 
product, use in 
nurseries, sod farms, 
recreational parks, urban 
green areas, golf course, 
sale as fertilizer, etc.
'Category 2 
2Class A
Same as above Semi-restricted use: 
blended with other 
material to obtain 
bagged fertilizer, 
nurseries, golf courses, 
sod farm, agriculture, 




Aerobic digestion, anaerobic 




application for certain 
crops, land fill cover 
and co-disposal, land 
reclamation, etc.
'NRC Best Practices Guide (NRC and FCM, 2005) 
2USEPA CFR- 40, Part 503 Guidelines (USEPA, 2003)













less than 1000 
MPN per gram 
of total solids*
pH>12 for a minimum of 72 hours; 
temperature > 52°C for at least 12 
hours. Air drying to >50% solids
Category 2 Class A
Fecal coliform 
less than 1000 
MPN per gram 
of total solids*
pH>12 for a minimum of 72 hours; 
temperature > 52°C for at least 12 
hours. Air drying to >50% solids
Category 3 Class B
Fecal coliform 
less than 2 
million MPN per 
gram of total 
solids
Add lime to raise pH to 12 after 2 
hours. Air drying on paved or 
unpaved basins or sand beds; 
minimum 3 months of which 2 
months ambient temp> 0°C
’NRC Best Practices Guide (NRC, 2003)
2USEPA CFR- 40, Part 503 Guidelines (USEPA, 2003)
*Or density of Salmonella less than 3 MPN per 4 grams of total solids, dry weight
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Table 4.3: Canadian and USA Regulations for Heavy Metals in Biosolids
Ontario Category 1* Category 2 and 3*
No. Metal Regulation Exceptional Quality** Class A and B**
mg/kg dry weight basis
1 Arsenic, As 170.00 41.00 75.00
2 Cadmium, Cd 34.00 39.00 85.00
3 Cobalt, Co 340.00 - -
4 Chromium, Cr 2800.00 1200.00 3000.00
5 Copper, Cu 1700.00 1500.00 4300.00
6 Molybdenum, Mb 94.00 - 75.00
7 Nickel, Ni 420.00 420.00 420.00
8 Lead, Pb 1100.00 300.00 840.00
9 Selenium, Se 34.00 36.00 100.00
10 Zinc, Zn 4200.00 2800.00 7500.00
11 Mercury, Hg 11.00 17.00 57.00
+EPA Regulation 347 (MOE and MAFRA, 1996) 
*NRC Best Practices Guide (NRC and FCM, 2005) 
**USEPA CFR- 40, Part 503 (USEPA, 2003)
4.4 LITERATURE REVIEW
Several studies on the alkaline stabilization of municipal sewage sludge are recorded 
in literature. The findings vary in alkaline agents used, contact time, temperature effects and 
the quality of biosolids produced. The delineation of treatment techniques and pollutant 
limits by regulatory bodies governing biosolids has streamlined the parameters varied in 
studies on the alkaline stabilization of sewage sludge. Alkaline stabilization reduces odors, 
stabilizes the sludge, and increases the calcium content of the biosolids produced (Banas et 
al., 2002). Benefits of alkaline stabilization include low costs and ease of incorporating into 
existing wastewater treatment plants (Brewster et. al., 2003).
4.4.1 Alkaline Stabilization
A variety of alkaline materials or by products from industrial processes has been used 
successfully as alkaline agents. Quicklime is commonly used owing to its high heat of 
hydrolysis (491 British thermal units) and its impact on pathogen destruction, while other 
alkaline agents such as fly ash and lime or cement kiln dust have been found to be effective 
as well in pathogen reduction, immobilization of metals and are often used because of their
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low cost and availability (USEPA, 2000). The high pH and liberation of ammonia upon 
mixing the alkaline agents with dewatered sewage sludge contributes to disinfection (Logan, 
1999). Most research papers compare the quality of the biosolids produced during their 
studies to the USEPA regulatory requirements (USEPA, 2003) on alkaline stabilization 
technique, metal limits and pathogen reduction given in Tables 4.2 and 4.3.
In the patented N-Viro soil process, one of the most widely used processes approved 
by USEPA as an effective alkaline stabilization technique, biosolids of beneficial use as soil 
quality enhancer are produced. Burnham et. al. (1992) have used the N-Viro soil process to 
stabilize sewage sludge with 8% of CaO and 35% of cement kiln dust (CKD). The treatment 
allowed for holding the mix at a pH of 12 for more than 12 hours, at a temperature of 52°C, 
even though the viable Ascaris egg population was reduced to, in just 4 hours, the then 
(1992) USEPA limits of less than 1 per 5 g dry weight of sludge. The process left an 
indigenous population of microbes to survive, which aided in maintaining a stable, soil like 
state with minimal odours. More recently, on the patented N-Viro Soil, Logan (1999) has 
expanded the N-Viro soil technology to include coal combustion by products (CCBs) either 
used alone or with a reactive lime agent such as CaO. The treatment technique was as per 
Class A treatment guidelines of the USEPA CFR-40 Part 503, with pH>12 for at least 72 
hours. The CCBs used as alkaline agents were flue gas desulfurization (FGD) ash, high lime 
fluidized bed ash and Class C and F fly ash, with quicklime added as needed. Ratios of 
biosolids, quicklime and CCBs varied between 10:1:2.8 to 10:0:10 by weight. Logan found 
that the Class C and F fly ash did not produce heat and the latter did not bring the pH to 
above 12. However, in an alternative N-Viro process, he was able to produce a useful 
biosolids with the two fly ash types by adding CaO to help augment the pH to above 12, air 
drying the mix for 7 days at that pH, and holding it for 30 more days until the solids reached 
65%. Thus, although the fly ashes did not produce heat, a longer stabilization time resulted in 
useful biosolids. FGD and the high lime bed ash performed well in effectively raising the pH 
to above 12 and producing heat, and lowered the duration of treatment. The biosolids was 
also analysed for metals (arsenic, cadmium, copper, molybdenum, nickel, lead, selenium and 
zinc). The N-Viro process yielded a biosolids of USEPA ‘Exceptional Quality’ type that can 
be used as agricultural limestone substitute, nutrient fertilizer and topsoil.
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Welacky (1991) conducted studies on sewage sludge stabilization using, separately, 
quicklime (CaO) of up to 18%, cement kiln dust (CKD) of up to 25% and lime kiln dust 
(LKD) of up to30% by weight to stabilize sewage sludge. The mixes with CKD did not 
achieve a pH of above 12, but the mixes with 8 to 9% CaO and 30% LKD did. A mix with 
18% CaO yielded a temperature of 55°C for a few hours. A 30% LKD mix yielded a 
temperature rise of 10°C. Mixes with CKD showed little temperature rise. An amendment of 
sludge with 8 to 9% CaO achieved a total destruction of pathogen in 24 hours but 
Escherichia coli or E. coli, a type of fecal coliform, started growing after a few weeks in 
storage. He suggested a longer stabilization period at the high pH in conjunction with heat 
treatment to prevent regrowth. Heavy metals analysed were arsenic, cadmium, chromium, 
cobalt, copper, iron, lead, mercury, molybdenum, nickel, selenium, and zinc. The metal 
levels reported by Welacky then (1991) are below the current USEPA Exceptional Quality 
metal limits (USEPA, 2003) and he reports an advantageous ‘diluting’ effect on the sewage 
sludge’s metal concentration caused by adding alkaline agents. Poon and Boost (1996) 
prepared mixes of sewage sludge, pulverized fuel ash (PFA) and quicklime (CaO) in ratios of 
59%, 0 to 41% and 0 to 41% respectively and did not heat the mixes. The authors observe 
that higher the quicklime content, higher the temperature increase due to exothermic reaction 
of the lime with water but the temperature decreased after about 6 hours. The mix that 
contained no quicklime did not qualify for USEPA biosolids due to its pathogenic bacteria 
content. In all other mixes, E. coli were destroyed after 24 hours, with a steady pH of 12.5 for 
4 weeks. The authors also analysed the concentrations of cadmium, chromium, copper, lead, 
nickel and zinc and demonstrated that sewage sludge was the main contributor to metals, 
while amendment with PFA and CaO ‘diluted’ the concentrations, similar to what Welacky 
(1991) found. Later on, Poon and Boost (1998) again examined the stabilization of sewage 
sludge with various proportions of quicklime (CaO) and pulverized fuel ash (PFA) at room 
temperatures. At 60% sludge and varying ratios of CaO+PFA to make up 40%, it was found 
that ratios of CaO+PFA between 1:5 and 1:8 were able to effectively inhibit the growth of 
various pathogenic bacteria including E. coli within 24 hours and maintain a pH of 12 or 
more for a week.
Jimenez et. al. (2000) studied the stabilization of sewage sludges of varying solids 
concentrations with 15 to 40% CaO by weight and no external heat source. Class B biosolids,
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as defined in USEPA CFR-40 Part 503, was aimed at and doses of 16.9 to 20.4% were 
needed to achieve pH criteria of more than 12 for two hours. To meet the fecal coliform 
count of less than 2 X 106 MPN/g total solids for a Class B biosolids, CaO of between 15 and 
20% was needed for the various sludges treated. Sludges with higher water content required 
higher CaO doses to produce a Class B biosolids. More importantly, the authors conclude 
that the CaO dose needed to meet Class B pH treatment criteria is greater than the dose 
needed to reduce the fecal coliform density to Class B limits thus strengthening the USEPA 
treatment specifications. Wong et. al. (2001) mixed CaO by up to 18%, dry weight, with a 
mixture of coal fly ash (10 and 35%) + sewage sludge (90 and 65%). They found that sewage 
sludge amended with 8.5% or more CaO, dry basis, with 10% coal fly ash yielded a pH of 12 
or higher for at least 18 hours at 25°C. The total coliform bacterial count dropped to zero 
after 18 hours treatment. A mix of 10% coal fly ash and 4.4% CaO, dry basis, and heated to 
55°C resulted in zero coliform count after 18 hours. Jimenez-Cisneros et al. (2001) conducted 
studies on the use of 15 to 40% of quicklime (weight by dry weight sludge) to stabilize 
municipal sludge. They found that 30 to 40% of CaO reduced fecal coliform by 8.5 logs to 
achieve 300 most probable numbers (MPN) per g total solids. A USEPA Class B biosolids 
was produced with doses of 15 and 20% CaO, while a Class A biosolids was achieved with 
doses of 25 to 40% CaO. During the stabilization, the pH was reported to be above 12, while 
temperature increased to above 57°C.
In other studies on alkaline stabilization of sewage sludge, the destruction of 
nematode and Ascaris suum eggs were examined, although USA regulations(USEPA, 2003) 
and Canadian (NRC, 2003 and NRC and FCM, 2005) guidelines stipulate that fecal coliform 
or Salmonella are to be analysed in a biosolids formed from an alkaline stabilization process. 
Cadiergues et al. (2001) used 15.8% CaO (or 45% CaO by dry weight) to stabilize dewatered 
sewage sludge and obtained a pH of 12, and maintained it for 7 days to achieve less than 3 
viable nematode eggs. The same pathogen destruction was observed within 24 hours at a pH 
of 12.5, and at 14 days at a pH of 11.5. This study demonstrates that at higher pH values, the 
time taken to reduce pathogen to a certain level was shortened. In another study on alkaline 
stabilization, Banas et al. (2002) experimentally determined that a combination of 50°C heat 
and 40% of slaked lime (calcium hydroxide) per weight dry solids resulted in an inactivation 
of Ascaris eggs at 128 minutes, for a sludge from a slaughterhouse. In a study conducted in
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Manitoba, Canada recently by Brewster et. al. (2003), dewatered municipal sludge was 
treated with lime and fly ash in order to inactivate Ascaris suum eggs that were spiked in the 
sludge. Conditions were anoxic at 4 to 6°C (bench scale study) and at naturally occurring 
temperatures o f-1  to 33°C (full scale study). Results from the first study aided in setting up 
mix ratios for the full-scale study. Results of Ascaris suum inactivation analyses demonstrate 
that fly ash alone is ineffective while those mixes with only lime or lime and fly ash achieved 
complete inactivation in 365 days, with the 50 g lime and 1000 g fly ash mix (per kilogram 
of dewatered sludge) performing this in as early as 69 days.
To summarize, most studies on alkaline stabilization of sewage sludge describe the 
importance of maintaining a pH of 12 or higher, by adding alkaline agents, for that amount of 
time that the regulatory pathogen reduction requirements are achieved. Studies conducted are 
either based on the USEPA treatment guidelines (USEPA, 2003) or ‘equivalent’ treatment 
that proves to result in USEPA class biosolids. Cadiergues et. al. (2001) opines that the 
effects of an alkaline stabilization treatment should be studied as a function of the sludge pH 
and quality achieved rather than as a function of the alkaline treatment. Higher doses of 
alkaline materials yielded higher pH values and temperatures, with better pathogen reduction. 
Metals are usually reduced to below ceiling limits owing to a ‘diluting’ effect upon addition 
of alkaline agents and immobilization at high pH values. Heat treatment was also 
incorporated in most studies, achieved either by the alkaline agents or by an external source, 
and contributed to pathogen reduction. While quicklime (CaO) is used widely as a stabilizing 
agent, other alkaline materials such as coal combustion by products have also become 
commonly used after having demonstrated their effective stabilizing abilities. Longer 
stabilization periods (more than 72 hours) are required when the stabilizing material does not 
produce enough heat to reduce pathogen numbers to regulatory limits. Quicklime is added in 
minimal amounts when the alkaline agent used does not achieve a pH of 12 for the USEPA 
(2003) required period of time or when pathogen reduction levels are not met. A major 
advantage in using CCBs alone or with a minimal amount of CaO is that the CCBs are 
effectively reused instead of being disposed of, and heat from an external source is not 
needed when treatment duration is not a constraint. The proportioning of alkaline agents 
amended to sewage sludge is reported by various literatures to be up to about 20% by dry 
weight of quicklime (CaO) and up to 40% by weight other alkaline agents such as fly ash or
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cement kiln dust. This may well be due to the need to maintain and not diminish the nutritive 
value of the biosolids, most of which comes from the sewage sludge in the mix (Sanchez- 
Monedero, 2004 and USEPA, 2000).
4.4.2 Biosolids - Nutritive Value
Nutrients are elements essential to the normal growth of plants and can determine the 
economic value of biosolids; they include nitrogen (N), phosphorus (P), potassium (K), 
calcium (Ca), magnesium (Mg) and sodium (Na) (Evanylo, 1999). The biosolids produced by 
alkaline stabilization of municipal sludge in various research studies have been typically 
analysed for nutritive value in terms of these nutrient elements, for application on agricultural 
land. Akrivos, et al. (2000) studied the effect of applying lime stabilized sludge (10% by wet 
weight of quicklime to obtain pH>12 for three months) on the physicochemical soil 
properties and found that the total nitrogen and total and water soluble phosphorus in the soil 
increased upon application of the stabilized sludge. This finding was corroborated by 
Snyman et. al. (1998), Wong and Su (1997a), Wong and Su (1997b), Linden et. al. (1995). 
However, Evanylo (1999) and USEPA (2000) mention that the conversion of nitrogen to 
ammonia during stabilization leads to loss of ammonia nitrogen by volatilization and the 
formation of calcium phosphate may reduce the amount of plant available phosphorus. Table
4.4 provides a range of nutrient values found in stabilized sludges. Table 4.9 summarizes the 
nutritive value of biosolids as reported in various literatures.
Table 4.4; Biosolids Nutrients Ranges*
Nutrient Usual Range, dry weight basisLow % (g/kg) High % (g/kg)
N 3.0 (30) 8.0 (8)
P 1.5 (15) 3.0 (3)
K 0.1(1) 0.6 (6)
Ca 1.0(1) 4.0 (4)
Mg. 0.4 (4) 0.8 (8)
*Source: Sullivan (1998)
4.5 MATERIALS
Sludges, dewatered sewage sludge and quicklime were the materials used in this 
study and are described in this section. Various standard methods to quantify parameters of 
interest in this study are described here as well.
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4.5.1 Precast Concrete Industry Sludges
The sludges were procured from a typical precast concrete industry, Precast Systems 
Incorporated (PSI), located in Windsor, Ontario. The sludges originate from two main 
sources. Sludge 1 is produced as a slurry waste stream when the prestressed bars of concrete 
are cut with a rotary cutting blade and a large amount of water is used as a coolant. Sludge 2 
is produced when, just after a fresh batch concrete mixed in the mixer tank is poured out for 
use, the fresh mix still on the tank walls is hosed down with water to form another waste 
slurry.
4.5.2 Sewage Sludge
The sewage sludge was procured from the Lou Romano Water Reclamation Plant 
(LRWRP), Windsor, Ontario. The LRWRP generates 7000 dry tons of sludge per year. The 
primary treatment sludge is generated during the coagulation-settling process and dewatered 
by centrifugation.
4.5.3 Quicklime
As discussed in the literature review section, quicklime (calcium oxide, CaO) is a 
common liming agent in sewage sludge treatment and was hence chosen to be the additional 
alkaline material. The anhydrous quicklime used was of analytical grade, purchased from 
VWR Canlab, Canada.
4.6 EQUIPMENT AND INSTRUMENTS USED
• Analytical Balance (Mettler AE163, USA)
• Hot air oven (Fisher Scientific Isotemp Oven, USA)
• Dessicator (Boekel box type, USA with anhydrous calcium sulphate drying agent)
• Six-speed hand held mixer (Hamilton Beach of Proctor-Silex, Canada)
• Dry type incubator (3M, USA)
• pH meter (Orion IonAnalyzer 940, USA)
• Glass pH electrode (91-57BN Orion Research, USA)
• Inductively coupled plasma (ICP) analytical instrument (IRIS-AP model TR-30-K2, 
Thermo Jarrel Ash, USA)
• Mercury analyzer (CETAC model M-6000, Varian, USA)
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• Distillation unit (Buchi model 323, USA)
• Spectrophotometer (Spectronic GENESYS 10UV, Thermo Electron, USA)
4.7 METHODS
The Table 4.5 presents parameters considered and the methods used to quantify them. 
A more detailed explanation of the methods tabulated is given as well in sections 4.7.1 to 
4.7.7.




4.7.1 Total Solids, % Method 2540G (APHA, et. 
al., 1998)
4.7.2 PH pH in Soil (Atkinson et. al., 
1958)
4.7.3 Available Lime Index, %CaO ASTM Method C25 
Test no. 28
4.7.4 Calcium Carbonate Equivalent, % 
CaC03
ASTM Method C25 
Test no. 33
4.7.5 Heavy Metals, g/kg, dry weight 
basis:
(a) arsenic, cadmium, chromium, 
copper, cobalt, molybdenum, 
nickel, lead, selenium, zinc
(b) mercury
(a) Method 3120 B 
(APHA,et. al., 1998)
(b) Method 3112 (APHA, 
et. al. 1998)
4.6.6 Fecal coliform, Most Probable 
Number (MPN) per gram solids, 
dry weight basis
Method 9221 E (APHA et. 
al., 1998) and Method 1618 
(USEPA, 1999)
4.6.7 Nutrients, %, dry weight basis:
(a) Nitrogen as Total Kjeldahl 
Nitrogen (TKN)
(b) Phosphorus as orthophosphate 
(P20 5)
(c) Potassium (K), Calcium (Ca), 
Magnesium (Mg)
(a) Method 4500-Norg B 
(APHA et. al., 1998)
(b) Method 4500-P D. 
(APHA, et. al. (1998)
(c) Method 3120 B 
(APHA, et. al., 1998)
4.7.1 Total Solids
In the total solids analysis, the samples were measured in triplicate using graduated 
cylinders and poured in weighed evaporating dishes and dried in a hot air oven at 103-105°C 
overnight. They were then cooled in a dessicator and weighed using an analytical balance.
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The per cent solids was calculated as per APHA et al. (1998) method for solid and semi-solid 
samples, as given below:
(A -B )*100
Per cent solids = ----------------
C -B
Where
A is the weight of dried residue and dish, mg 
B is the weight of dish, mg 
C is the weight of wet sample and dish, mg
The total solids for the sludges were conducted on samples before and after gravity 
settling in containers for a day.
4.7.2 pH
The pH of the samples in triplicate was measured according to a water extract method 
for soil pH in water (Atkinson et. al., 1958). A 10 mL volume of a sample was taken in a 
50mL glass beaker. 40 mL deionized water was added and stirred at every 5-minute interval, 
for half an hour. A glass electrode was then introduced and the pH measured using a pH 
meter. For solid samples, pH was determined on water extracts at a sample to deionized 
water ratio of 10:40 (w/v) and the procedure of intermittent stirring and pH measurement as 
described above was followed.
4.7.3 Available Lime Index
The available lime index (ALI) analysis in terms of percent calcium oxide (CaO) was 
done to assess the available lime in a sample. The sample was dried and powdered to pass 
through a No. 50 (U.S.) sieve. A 2.804 g weight of this sample was dispersed with water and 
solubilized by a reaction with sugar to form calcium sucrate, determined titrimetrically with a 
standardized acid and indicator. Analytical grade sucrose, sodium carbonate, hydrochloric 
acid and phenolphthalein indicator purchased from VWRCanlab, Canada were used.
4.7.4 Calcium Carbonate Equivalent
The calcium carbonate equivalent (CCE) analysis is akin to the alkalinity 
determination of the APHA, et. al. (1998) and measures the neutralizing ability of a test 
material by titration with a standardized acid, using indicators. The sample was dried and 
powdered to pass through a No. 60 (U.S.) sieve. A 3.40 g weight of this sample was 
dissolved in acid and titrated. Analytical grade sodium hydroxide, hydrochloric acid and a
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mixed indicator of bromocresol green-alizarin red purchased from VWRCanlab, Canada 
were used.
4.7.5 Heavy Metals
Heavy metals were analysed at the environmental laboratory of the Lou Romano 
Water Reclamation Plant (LRWRP, Windsor, Ontario). All metals were analyzed by 
inductively coupled plasma (ICP) atomic emission spectrometry (AES) with the exception of 
mercury, analyzed using cold vapour technique. All of the analyses require acid digestion of 
1 gram of sample using hydrochloric acid and nitric acid to dissolve metals and yield a dilute 
acid solution ready for instrumental analysis.
4.7.6 Fecal Coliform
Fecal coliform numbers were analyzed using the multiple tube fermentation technique 
as per APHA et. al., (1998) and USEPA (1999). The latter method provides the dilution 
technique to prepare the sample for analysis of fecal coliform using the former method. Glass 
dilution bottles and 100 pL and 1 mL capacity micropipettes (Brinkmann, Eppendorf, USA) 
were used. At the start, 50 g of sample was mixed with 450 mL sterile buffered dilution 
water in a sterile blender. Subsequent dilutions were made serially from this stock solution. 
The sequence presumptive test, confirmative test and completed test were then followed. In 
the presumptive test, samples were inoculated into tubes containing Lauryl Tryptose Broth 
(LTB) (VWRCanlab, Canada) at 35°C for 48 hours. Tubes showing growth, gas or acidic 
formation were inoculated into EC medium (VWRCanlab, Canada) to grow fecal coliform at 
44.5°C for 24 hours (confirmative test). Those tubes showing gas formation again are 
considered positive, and counted (complete test). Fecal coliform numbers were calculated 
using Thomas’ formula (APHA et al., 1998), which gives the Most Probable Number (MPN) 
per 100 mL:
. ™ T No. of positive tubes X 100MPN/lOOmL = —j =  H
■yJ(mL sample in negative tubes X mL sample in all tubes)
The conversion to MPN/g of dry solids was done by the following equation (USEPA,
19" ): i 10X MPN/lOOmLMPN/g of sample = •
Largest volume X % dried solids
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4.7.7 Nutrients
The nutritive elements of nitrogen, phosphorus, potassium, calcium and magnesium 
were analysed at the environmental laboratory of the Lou Romano Water Reclamation Plant 
(LRWRP), Windsor, Ontario. The nitrogen was analysed as Total Kjeldahl Nitrogen (TKN) 
by a digestion and distillation procedure, which measures the total organic and ammonia 
nitrogen in a sample. One gram of sample was digested with sulphuric acid, potassium 
sulphate and cupric sulphate (CUSO4), which convert the amino nitrogen and free ammonia 
of the organic sample to ammonium. An alkali, sodium hydroxide-thiosulphate, is added 
after digestion to separate the ammonia formed from the solution. The ammonia is distilled 
into indicating boric acid solution and measured using an ion selective electrode. The 
phosphorus test uses the molybdenum blue method with stannous chloride reduction. 
Phosphate reacts with ammonium molybdate and is then reduced by stannous chloride to 
form a blue complex. The intensity of the color is directly proportional to the phosphate 
concentration in the sample, measured using a spectrophotometer at a wavelength of 650 nm, 
after acid digestion of 5 g of sample. Calcium, magnesium and potassium were analyzed 
using an ICP instrument after acid digestion as described in the previous heavy metals 
section.
4.8 EXPERIMENTS
The experiments and analyses were carried out in four main steps:
1. characterization of the sludges
2. pH screening tests
3. alkaline stabilization tests
4. analyses of biosolids for heavy metals, fecal coliform and nutrient elements
The experiments, described in sections 4.8.1 to 4.8.4 below, were carried out in triplicate 
except where indicated.
4.8.1 Characterization of Sewage Sludge and Sludges
A minimal removal of water from the sludges was carried out by allowing the sludges 
to settle by gravity in storage containers for a day and decanting the supernatant formed. 
Characterization parameters were total solids, pH and heavy metals for the sewage sludge 
and both sludges. In addition, calcium carbonate equivalent and available lime index were 
analyzed for both sludges.
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4.8.2 pH Screening Tests
Since pH had to be maintained above 12 for a three-day (72 hour) period as per 
National Research Council, Canada (NRC, 2003) criteria, the mix that produced such an 
effect was determined. A hand held mixer was used to mix sewage sludge, sludge and the 
quicklime in varying ratios that totaled to 500 grams each time, in triplicate tests for each 
ratio. The eight mix proportions tested in this study are given in Table 4.6 and are based on 
the proportions of similar constituents recorded in literature. The sewage sludge was 
amended with 10 to 40% of sludge by wet weight. Calcium oxide was then added separately, 
as 10 or 20% by dry weight of the sewage sludge + sludge mix.
The pH measurements were made at 0, 30, 60 and 72 hours. Those mixes that had an 
initial average pH of 12 or more were further monitored for pH up to and including the third 
day. Mixes that maintain an average pH of 12 or more for three consecutive days (72 hours) 
were then selected for alkaline stabilization tests. Those mixes that failed to yield a pH of 12 
or more at the start were rejected from further consideration.
Table 4.6: Biosolids Mix Proportions
Mix No.
Percent Weight
Wet Basis Dry Basis
Sludge Sewage Sludge Quicklime, CaO
1 10 90 10
2 20 80 10
3 30 70 10
4 40 60 10
5 10 90 20
6 20 80 20
7 30 70 20
8 40 60 20
4.8.3 Alkaline Stabilization
The alkaline stabilization study was aimed at producing a Category 1 or 2 biosolids 
by stabilizing sewage sludge with a high pH and temperature process, as defined by National 
Research Council, Canada (NRC, 2005) and USEPA CFR 40 Part 503 (USEPA, 2003), by:
• elevating the pH to greater than 12 at 25°C for 72 hours or longer by 
adding alkaline agents to sewage sludge
87
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
• maintaining the temperature above 52°C for at least 12 of those 72 hours
• air drying to over 50 % solids after the period of elevated pH
The mixes selected from the pH screening tests were maintained at two temperatures 
of 52°C and 25°C using a dry type incubator, for periods of 12 and 60 hours respectively in 
series.
4.8.4 Analyses of Biosolids Produced
The biosolids produced by alkaline stabilization of sewage sludge were analyzed for 
heavy metals content, monitored for fecal coliform decay and assessed for nutritive value.
4.8.4.1 Heavy Metals Content
The heavy metals analyzed in this study were: arsenic (As), cadmium (Cd), chromium 
(Cr), copper (Cu), cobalt (Co), molybdenum (Mb), nickel (Ni), lead (Pb), selenium (Se), 
zinc (Zn) and mercury (Hg). These heavy metals are analyzed in order to check for 
conformance with the ceiling limits listed in the EPA Regulation 347 (MOE and MAFRA, 
1996), the Canada Federal Fertilizer Act Guidelines (CFIA, et. al., 1996), the National 
Research Council, Canada Best Practices Guide (NRC and FCM, 2005) and the USEPA 
CFR- 40, Part 503 Guidelines (USEPA, 2003) for heavy metals in biosolids.
4.8.4.2 Fecal Coliform Reduction
During the course of the heat and pH treatment experiments, fecal coliform 
destruction were analyzed at 0, 2, 4, 8, 12, 16, 20, 24 and 72 hours, by the multiple tube 
fermentation technique. Serial dilutions of 0.001, 0.0001, 0.00001, 0.000001 g of sample 
were prepared and the presumptive, confirmative and completed tests carried out to obtain 
numbers of fecal coliform. Those mixes that qualified as NRC Canada biosolids in terms of 
fecal coliform reduction and heavy metals (NRC, 2003 and NRC and FCM, 2005) were 
further analyzed for nutrient elements.
4.8.4.3 Nutrient Value of Biosolids
The biosolids were also analysed for the nutritive constituents of nitrogen, 
phosphorus, sodium, potassium, magnesium and calcium and compared with those found in 
literature to assess the nutritive value and hence usefulness as a fertilizer or soil quality 
enhancer.
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4.9 RESULTS AND DISCUSSIONS
4.9.1 Characterization Analysis
The characterization results are presented in Table 4.7. A minimal removal of water 
by allowing the sludge 1 to settle by gravity in their storage containers for a day and 
decanting the supernatant formed yielded a 7% and 6.5% average increase in solids from the 
original average solids concentrations in the sludges 1 and 2. Both sludges are highly 
alkaline, having pH values just above 11. The sewage sludge from the Lou Romano Water 
Reclamation Plant (LRWRP), Windsor, Ontario is found to have a near neutral pH and solids 
typical (Vesilind, 1988) of dewatered sludge. Since it is obvious that a pH of above 12 would 
not be achieved by mixing either of the two sludges with sewage sludge, it was deemed 
necessary to add a reactive alkaline agent to help raise the pH of the sewage sludge-sludge 
mixture to above 12 as required by National Research Council, Canada (NRC, 2003). 
Quicklime was chosen to be the additive due to its known properties of raising heat and pH 
upon amendment with sewage sludge. A reactive alkaline agent is one that is mostly 
composed of CaO (Welacky, 1991 and Logan, 1999). Heavy metal values of sludge 1 and 2 
indicate that the metal concentrations are below regulatory limits depicted in Table 4.3.
The calcium carbonate equivalent (CCE) and available lime index (ALI) analyses 
were examined in comparison with values reported in other studies or standards to assess the 
potential of sludges 1 and 2 as alkaline stabilizing agents. The analyses are shown in Table 
4.8. The CCE values of both sludges are similar and fall between Class C and Class F fly ash 
values for CCE. The CCE values are also much higher than the 2% value reported by Wong 
et. al. (2001) for coal fly ash, which they proved to be an effective alkaline stabilizing agent. 
The authors also determined that the fly ash’s alkaline property is due to its calcium and 
magnesium oxides contents, corroborated by Logan (1999).
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Table 4.7: Characterization of Sewage Sludge and Precast Concrete Industry
Sludges











22.911.90 (a) 20.0011.50(b) 27.0012.30
(a) 30.0012.00
(b) 36.50+1.20 Sludge 1 Sludge 2





<MDL <MDL 0.05 0.008
Cadmium, Cd <MDL 0.4510.10 0.004 0.003
Cobalt, Co ND 133.1015.40 - 0 .002
Chromium, Cr <MDL 0.1010.03 0.004 0 .002
Copper, Cu ND 38.33+2.90 - 0.001
Molybdenum, Mo ND <MDL - 0.004
Nickel, Ni ND 10.0613.10 - 0.001
Lead, Pb <MDL 4.3811.60 0.025 0.016
Selenium, Se <MDL 4.3010.70 0.03 0.018
Zinc, Zn ND 66.1914.50 - 0.001
Mercury, Hg <MDL 1.0510.06 0.001 0.001
Values are averages of triplicate samples ± stanc ard deviation
ND- Not Determined
*Heavy metal values for Sludge 1 from: Eco-Analytical Certificate of Analysis, Job 
#PS011002001 (2001)
Table 4.8: Calcium Carbonate Equivalent and Available Lime Index Analyses










18.7511.36 2 0 .2 0+0.86 45.00* 6 .0 0 * NR NR
ALI,
% CaO
0.2710.055 6.8611.37 > 8 .0 0 ** < 8 .0 0 ** 10.23/18.99/92.00 40.00***
+Values from current study are averages of triplicate samples ± standard deviation 
NR- Not Reported, CKD- Cement Kiln Dust, LKD: Lime Kiln Dust 
*Clark, et. al. (2001)
**Canadian Standards Association (CSA) A23.5 
***Bumham et. al. (1992)
However, the available lime indices of the two sludges differ significantly. The 
amount of available lime is key in assessing liming and hence alkaline stabilizing abilities.
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The ALI of sludge 1 is very low and not even 1% of that of the CKD used in Welacky’s 
(1999) study. This may be due to a higher level of hydration or the conversion of calcium to 
other unavailable forms in the sludge 1, it being generated from an almost fully cured 
concrete slab, leaving it with little unhydrated or unconverted calcium to contribute to 
available lime as CaO. On the other hand, the ALI of sludge 2 is similar to the higher limit on 
a Type F fly ash or the lower limit of a type C fly ash. The ALI of sludge 2 is about 70% that 
of the CKD and one third that of the LKD used in Welacky’s (1999) study. Sludge 2 
emanates from freshly prepared concrete mix and hence would possess more unhydrated or 
available calcium oxide content than that of sludge 1.
Sludge 1, the blade cutting sludge was precluded from consideration as an alkaline 
stabilizing agent due to not only its low available lime index but also the comparably higher 
water content. The higher the water content, the more of an additional alkaline agent is 
required to raise the pH to above 12 (Cadiergues, et al., 2001). Increased water contents of 
the sludge not only add to costs in terms of increased amounts of additive needed but also in 
drying costs since the biosolids produced needs to be dried to more than 50% solids 
according to NRC Canada (NRC and FCM, 2005).
4.9.2 pH Screening tests
The pH test results are depicted in Table 4.9. At the 0th hour, mixes containing a 
minimum of 30% and 60% by wet weight of sludge and sewage sludge respectively could 
achieve an initial average pH of 12. At the 72nd hour, only mixes with 20% dry weight CaO 
and a minimum of 30% of sludge still had an average pH of 12 or over. Those were the 
Mixes 7 and 8 . The mix containing 10% dry weight CaO, added to the 40%+60% (sludge+ 
sewage sludge), came close to maintaining an average pH of 12 over the three days. 
Temperature increases quickly reduced to room temperature and are hence not reported in 
this study.
91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4.9: pH Screening Test Results
Mix
No.
pH over Time in hours Mixes
0th hour 30th hour 60th hour 72nd hour Selected
1 10.9+0.2 ND ND ND X
2 1 1 .0±0.1 ND ND ND X
3 11.5±0.2 ND ND ND X
4 1 2 .010 .1 12.010.3 1 2 .001 0 .1 11.9+0.1 X
5 11.810.3 ND ND ND X
6 1 2 .01 0 .1 ND ND ND X
7 12.0+0.1 12.010.1 12.0+0.2 12.0+0.1 V
8 12.110.1 12.1+0.1 12.010.2 12.010.1 V
Values are averages of triplicate samples ± standard deviation 
ND - Not Determined
While the values reported are averages of triplicates, the standard deviations indicate 
that the mixes did not achieve a pH of more than 12 in all triplicates analysed. However, as 
opined by Cadiergues et. al. (2001), the emphasis should be on the effect produced on the 
sludge rather than on the treatment technique itself. The USEPA CFR 40 Part 503 (USEPA, 
2003) allows for equivalent treatment processes to be considered as stabilization techniques, 
subject to approval by regulating authority. The NRC, Canada guideline to biosolids 
management (NRC and FCM, 2005) also mentions other unknown processes, showing 
equivalency in stabilization results, as being potential treatment methods. Hence, in this 
study, it was decided to select the Mix 7 (30% sludge + 70% sewage sludge, with 20% CaO) 
and mix 8 (40% sludge + 60% sewage sludge, with 20% CaO) for heavy metal and 
microbiological testing.
The mixes 7 and 8 were subject to the alkaline stabilization as per NRC (NRC and 
FCM, 2005) and USEPA CFR 40 Part 503 (USEPA, 2003) guidelines for heat and high pH. 
As the heat produced upon addition of alkaline agents was insignificant, an external heat 
source was used. At the end of the three-day stabilization process, the solids in the stabilized 
biosolids were found to be slightly higher than 50%, at 55±4.2%. The air-drying step 
(otherwise done to bring the solids above 50%) was omitted.
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4.9.3 Heavy Metals in Biosolids
The heavy metal concentrations are presented in Table 4.10 and compared to the EPA 
Regulation 347 (MOE and MAFRA, 1996), the National Research Council, Canada Best 
Practices Guide (NRC and FCM, 2005) and the USEPA CFR- 40, Part 503 Guidelines 
(USEPA, 2003) for heavy metals in various classes of biosolids.
The mix 7 (30% sludge + 70% sewage sludge, with 20% CaO) and mix 8 (40% 
sludge + 60% sewage sludge, with 20% CaO) are seen to conform to metal standards 
stipulated by referenced regulations and guidelines. It is to be brought to attention that the 
Lou Romano Water Reclamation Plant (LRWRP), Windsor, Ontario, reported instrument 
detection problems with the metal selenium at the time this study took place. The selenium 
values reported by the LRWRP were found to be two to three times higher than actual values, 
and selenium in the sewage sludge did not exceed 10 mg/kg dry basis during the course of 
this study with a typical value of 2 mg/kg dry basis (LRWRP, 2004). From the metal 
characterization analyzes reported in Table 4.7, selenium in sludge 2 was quantified as 
4.30±0.70 mg/kg dry basis. Hence, based information obtained from LRWRP, Windsor, 
Ontario on the selenium level in sewage sludge and based on the concentration of the same 
metal in sludge 2 , it can be assessed that the selenium levels in the biosolids formed from the 
LRWRP sewage sludge and the sludge would not exceed the Canadian and US limits.
Mix 7 and 8 hence demonstrated conformance to Canadian and USA regulatory 
criteria for heavy metal content. The mixes qualify for National Research Council, Canada, 
Category 1 biosolids or USEPA Exceptional Quality biosolids (USEPA, 2003), which have 
no land application restrictions. The metal levels in both mixes are within levels set by 
Canada Regulation 347, followed in Ontario for land application of biosolids and other 
matter.
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Table 4.10: Conformance of Treated Biosolids to Regulatory Criteria
Metal
MDL Mix 7 Mix 8 OntarioRegulation
Category 1* Category 2 and 3*
"Exceptional
Quality "Class A and B
mg/kg dry weight basis
As 0.008 <MDL <MDL 170.00 41.00 75.00
Cd 0.003 0.33±0.04 0.66 10.05 34.00 39.00 85.00
Co 0 .0 0 2 24.65±1.75 49.30 12.50 340.00 NR NR
Cr 0 .0 0 2 35.61±2.80 71.22 15.67 2800.00 1200.00 3000.00
Cu 0.001 140.0419.10 280.02 17.80 1700.00 1500.00 4300.00
Mo 0.004 2.2810.98 7.2511.22 94.00 NR 75.00
Ni 0.001 24.8313.42 46.96 14.17 420.00 420.00 420.00
Pb 0.016 18.9212.14 17.9411.94 1100.00 300.00 840.00
Se 0.018 32.0012.24 19.09 12.07 34.00 36.00 100.00
Zn 0.001 195.3619.30 423.79110.96 4200.00 2800.00 7500.00
Hg 0.001 0.8210.15 0.910.01 11.00 17.00 57.00
MDL - Method Detection Limit, NR - Not Reported 
fEPA Regulation 347 (MOE and MAFRA, 1996)
*NRC, Canada (NRC and FCM, 2005)
"USEPA CFR- 40, Part 503 (USEPA, 2003)
4.9.4 Fecal Coliform Reduction
During the alkaline stabilization treatment at elevated temperature and pH, the mix 8 
was monitored for fecal coliform count. The Table 4.11 gives values of fecal coliform 
pathogen numbers in terms of most probable number per gram dry solids, and the pH decay. 
The Figure 4.1 displays the microbial destruction with time.
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Table 4.11: Fecal Coliform Decay during Alkaline Stabilization
Time, hours Fecal coliform, MPN/g solids pH
Temperature, °C 
(External Source)
0 304407±1445 1 2 .110.1 52
2 105770±7148 1 2 .1 1 0 .2 52
4 31512±1787 1 2 .110.1 52
8 12934±2553 1 2 .1 1 0 .2 52
12 3043158 1 2 .110 .2 52
16 3051 19 1 2 .110 .2 25
2 0 0 1 2 .110.1 25
24 0 1 2 .110.1 25
36 0 1 2 .0 10 .1 25
48 0 1 2 .0 10 .1 25
72 0 1 2 .0 10 .1 25
The initial fecal coliform count of the amended sewage sludge at time zero (just after 
mixing) was 304407 most probable number (MPN) per gram dry solids, as compared to the 
untreated sewage sludge fecal coliform MPN, which was 14728994 per gram dry solids. A 
rapid decrease in fecal coliform numbers, 97.93 %, was achieved upon mixing the sewage 
sludge with sludge and quicklime. A log 1 and then log 2 reduction in fecal coliform was 
observed at 4 and 12 hours respectively. The first 12 hours of stabilization took place at an 
elevated temperature of 52°C and a steady pH of 12.10 for up to 8 of thee 12 hours. A 
complete fecal coliform inactivation occurred between 16 and 20 hours. The fecal coliform 
decay observed in this study are similar to those levels achieved by Wong, et. al. (2001), for 
sewage sludge amended with 10% fly ash by wet weight, and to which 8 % CaO was added, 
dry weight basis. The authors recorded a zero count of total coliform at 18 hours of 
stabilization time.
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Figure 4.1: Fecal Coliform Destruction in Biosolids Mix
The National Research Council Canada Category 1, 2 or 3 biosolids (NRC and FCM, 
2005) have specified fecal coliform limits of less than 1000 MPN/g solids for Categories 1 
and 2 and less than 2 X 106 MPN/g solids for Category 3, at the end of stabilization 
procedure. The pathogen limits mirror those for USEPA EQ, Class A and Class B biosolids 
(USEPA, 2003). Under the NRC guidelines, the mix 8 would qualify for use as a Category 1 
biosolids and under the USEPA classification, mix 8 would be Exceptional Quality (EQ) 
biosolids. Mix 8 (60% sewage sludge + 40% sludge, to which 20% by dry weight of 
quicklime was added) is further tested for nutritive value.
4.9.5 Nutrient Value of Biosolids
The nutritive elements of nitrogen (N) as total Kjeldahl nitrogen, phosphorus (P) as 
orthophosphates, potassium (K), calcium (Ca), magnesium (Mg) and sodium (Na) of the 
biosolids mix 8 (60% sewage sludge, 40% sludge and 20% by dry weight of quicklime) are 
shown in Table 4.12. The values compare with most of those values reported in literature, 
although calcium content is lower than the values reported by studies on alkaline stabilized 
sewage sludge (Logan, 1999 and Akrivos et. al., 2000).
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Table 4.12: Nutritive Value of Alkaline Treated Sludges
Element in biosolids, 
g/kg dry weight Source
N P K Na Mg Ca
9.0 4.0 13.0 2 .0 10 .0 250.0 Logan (1999) ‘N- viro soil’, used as top 
soil
1.6 1.25 2.13 489.0 11.27 273.4 Akrivos, et. al. (2000)
5.36 1.71 26.9 ND ND ND Christie, et. al. (2001) -  1997 data
33 39 3.1 NR NR NR Adjei and Rechcigl (2002)
0.7 0.3 0.8 NR NR NR Stokes et. al. (2004)
(Biosolids from Goulboum Valley 
Water’s Shepparton’s Waste 
Management Facility)
5.3 2.5 0.8 NR NR NR Stokes et. al. (2004)
(Biosolids from N-E Water’s W 
Wodonga Treatment Plant)
8.15 10 .0 0 0.58 0.33 8.70 30.76 Current Study
(0.52) (0.78) (0.07) (0.04) (1.4) (5.1)
ND: not determined, NR: not reported.
4.10 CONCLUSIONS
From the alkaline stabilization studies conducted on sewage sludge, using sludge and 
quicklime, the following conclusions may be made:
■ Sludge from concrete mixer tank was successfully used as an alkaline agent to 
stabilize sewage sludge
■ Destruction of fecal coliform depends on pH, temperature and contact time allowed
■ The required pH of 12 or more for 72 hours was obtained when sewage sludge was 
amended with 20% by dry weight of quicklime and above 30% of sludge by wet 
weight
■ Increase in sludge amounts added to sewage sludge caused an increase in the pH of 
the biosolids mix
■ Sewage sludge amended with 20% quicklime by dry weight and more than 30% 
sludge by wet weight conforms heavy metal limits
■ The mix of 40% sludge by weight, with 20% quicklime, dry weight basis, was able to 
achieve pathogen reduction requirements
■ A nutritive analysis indicates that the biosolids formed may be used as topsoil
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5 CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS
This study is a big step forward into resolving waste management issues on site for 
precast concrete industries with economic returns as an added advantage. It was 
demonstrated that sludges generated from slab cutting and mixer tank washing processes in a 
precast concrete industry, can be beneficially reused or recycled. The experiments conducted 
resulted in providing two different applications for sludge 2  and one for the sludge 1, as 
environmentally sustainable alternatives to land disposal. The following major conclusions 
were drawn from the studies conducted:
• Sludge 1 can be dewatered to yield upto 30% cake solids with gravity thickening 
only, and upto 50% by vacuum filtration and centrifugation
• Sludges 1 and 2 can be reused in the manufacture of controlled low strength materials 
and develop strengths within the American Concrete Institute and National Research 
Council, Canada guidelines
• Sludge 2 can be used as an alkaline stabilizing agent to treat municipal sewage sludge 
when used with quicklime
The reuse of sludges 1 and 2 in manufacturing low strength concrete or mortar 
materials is the best option since the operation can be easily implemented by ready mix and 
precast concrete industries on site with material and equipment readily available.
5.2 RECOMMENDATIONS
The current study examined and found the uses for sludges, otherwise waste products 
to the precast concrete sector. However, several recommendations are made here to suggest 
future studies that can be conducted on the sludges.
To use sludge 2 as an alkaline stabilizing agent, the amounts required to treat the 
sewage sludge and the costs involved in the transport of sludge 2  to the sewage treatment 
plant must be evaluated. Future studies can include a cost assessment of using the sludge to 
stabilize sewage sludge, and then finding out the effects of the biosolids application on soil 
and vegetation with varying agronomic application rates. The Ontario Ministry of
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Environment is to be contacted to obtain approval for the studied method of treatment using 
sludge and for the land application of biosolids.
Further trial mixes on low strength products using sludge 2 and trial mixes on low 
strength materials using sludge 1 will prove fruitful and will cover a wider range of 
compressive strengths, hence a wider range of applications. These studies are to be based on 
the current study’s methodology and results. The application for obtaining approval for the 
established design mixes may be procured from the Ontario Ministry of Transportation.
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APPENDIX A
Table Al: Results of Settling Test with Cylinder of height 1 m and ID 0.1 m





9.80 147.00 0.00082 ± 0.0000036 433.94
1 1 .2 0 168.00 0.00072 ± 0.0000025 435.45
13.05 195.75 0.00069 ±0.0000021 486.24
19.20 288.00 0.00046 ±0.0000031 476.93
26.13 391.95 0.00028 ± 0.000004 395.08
30.24 453.60 0.00022 ± 0.0000036 359.25
Table A2: Ja r  Test Results Using Ferrous Sulphate (FeS04)
Dose of FeS04, 
mg/L
Dose of FeS04, 
mg/g solids*
Average 
Cake Solids (%) and 
Standard Deviation
(%)
100 6.4 22.86 ±0.26
200 12.9 24.11 ±0.67
300 19.3 24.73 ±0.19
400 25.7 25.53 ±0.56
500 32.1 26.13 ±0.23
600 38.6 26.54 ±0.40
700 45.0 26.67 ±0.40
800 51.4 26.81 ±0.37
*Dry weight basis
Table A3: Ja r  Test Results Using Polymers
Polymer Used Zetag 7873 Zetag 7875 Zetag 7888 Magnafloc 110 L
Dose mg/g Solids* Average Cake Solids (% i and Standard Deviation (%)
0.5 18.72 ±0.84) 27.20 ±1.55 26.89 ±1.61 19.95 ±0.86
1.0 18.81 ±0.95) 28.15 ±1.08 28.77 ±1.27 19.97 ±1.26
1.5 20.59 ±1.32) 28.35 ±1.44 33.40 ±1.72 2 0 .1 1  ±1.61
2 .0 20.75 ±0.79) 29.43 ±1.11 35.56 ±1.45 20.14 ±1.36
2.5 21.72 ±1.61) 30.16 ±1.97 38.20 ±0.75 20.43 ±1.47
3.0 22.91 ±0.99) 31.07 ±1.38 40.02 ±1.57 20.90 ±1.32
*Dry weight basis
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Table A4: Parameters for estimating specific resistance
Data Symbol Unit Value
Dynamic viscosity P Nsec/m2 1002
Pressure P N /nf 47460
Diameter of filter area d m 0.11
Area of filter A n f 0.0095
Slope of line b sec/mb 2E+09
Cake deposited/unit volume of filtrate W kg/mJ 3.6









2 0 2 1 to 4 43.90 97.92
2 1 0 1 to 3 46.05 58.00
515 2 to 5 45.45 32.65
531 1 to 3 42.37 28.00
2001 3 49.20 42.00
2016 3 50.08 190.00
2019 1 to 2 53.36 168.00
2040 1 to 3 57.98 508.00
8101 3 to 5 52.31 78.00
Results are average of duplicate tests
Table A6 : Centrifuge Test Results at Various Speeds and Retention Times
Residence Time (min) Cake Sol ids (%), at500 rpm 1000 rpm 2000 rpm 3000 rpm 4000 rpm 5000 rpm
0 18.96 18.96 18.96 18.96 18.96 18.96
5 26.23 30.51 34.79 37.95 41.96 44.56
7 - - 37.13 40.66 44.00 -
10 28.75 32.98 37.98 41.73 45.31 46.67
15 30.48 35.63 39.90 42.76 45.68 47.32
20 32.49 37.27 41.90 44.07 46.04 47.95
Results are average of duplicate tests
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APPENDIX B
Table Bl: Marshall & Swift Equipment Cost Index 1990 to 2003








1 9 9 7 ** 1056.8
1998 1069.9
1999 1068.3
2 0 0 0 1089.0
2001 1093.9
2 0 0 2 1104.2
2003 1116.4
* Source, 1990 to 1996: Sommerfeld (1999)
** Source, 1997 to 2003: Chemical Engineering (2003)
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- DECEMBER 1975, MS INDEX = 451 




m f h A  3 6 . 6 =  Igpm
2 3 8 1064 20 30 40 60 80 100
PUMPING CAPACITY ( m 3/ h )
Figure B l: Equipment Cost -  Sludge Pumps (1975) 
Source: Campbell et al. (1975)
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6  7  8  9 8 9
10 10,000
F IHM P U M P I N G  C A P A C I T Y ,  y p m
Figure B2: Construction costs for Sludge Pumping Stations (1976) 
Source: Culp (1979)
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SUNfACE AA6A. H  u
F igu re B 3: C on stru ction  costs fo r  G ravity  T h ick en ers  
Source: C ulp  (1979)
109

























I N S T A L L E D  C A P A C I T Y ,  l b s ,  p o l y m e r  i e d / h r
Figure B4: Construction Costs for Polymer Storage and Feeding (1976) 
Source: Culp (1979)
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2 3 4 6 8 10 20 30  40 60  80
TOTAL FILTER A R E A  ( m 2 )
Figure B5: Equipment Cost -  Vacuum Filter (1975) 
Source: Campbell et al. (1975)
- DECEMBER 1975, MS INDEX * 451
- Includes;rotary drum vacuum filter.
_ fabric filter cloth,pumps, d rives,motors, 
vacuum receiver, chemical feed system,
- electrical control panel
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2 3 4 6 8 1Q7 2 3 4 6 8  108
CAPACITY FACTOR, E  (cm 2)
Figure B6 : Equipment Cost -  Solid Bowl Centrifuge (1975) 
Source: Campbell et al. (1975)
- DECEMBER 1975, MS INDEX = 451 
Includes'centrifuge i s ta in less stee 
motor.drive, polymer feed system 
~ electrical control panel 
" E xc lu des: sludge pump, conveyor
c m ‘ x 0 . 1 5 5 “ in
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